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Abstract 

This thesis demonstrates the design of both a non-predictive and predictive controller for the 

high efficiency control of parallel and power-split connected plug-in hybrid electric vehicles. 

At the beginning this research program identifies and evaluates the energy smart vehicles 

featured in existing technical papers in order to distinguish the inherent advantages and 

disadvantages. The varying performance outcomes of such vehicles are due to the selection 

and control of powertrain and drivetrain components. This study stipulates that the power-

split plug-in hybrid electric vehicle is the best alternative to the conventional vehicle. In 

addition the existing control strategies of energy smart vehicles are examined with the real-

time optimisation based blended controllers having superior performance over the alternative 

control strategies. 

For the consideration of a test bench, three commercially available vehicles are modelled 

using the advanced vehicle simulator (ADVISOR) which is a MATLAB/Simulink add-on 

software package. The three vehicles include the Toyota Prius 2010, Hyundai Sonata Hybrid 

2011 and Honda CR-Z 2010. Measured data of the three vehicles is analysed using known 

methods and techniques in understanding each individual vehicle’s energy management 

system for modelling. This analysis realises the selection of vehicle specifications and the 

original controller for each of the test benches. Measured and simulated signals and 

performance results are compared in order to verify the representation of the three vehicles 

in simulation.  

Contrary to the traditional approach of fuel consumption minimisation in energy 

management systems this thesis determines high efficiency control of the powertrain. In the 

first instance a non-predictive controller restricts the internal combustion engine to a 

predefined high efficiency region as a means to conserve fuel. This is achieved through the 

use of a battery bank to balance the load between the internal combustion engine and the 

drivetrain.  The main concern for this approach is increased fuel consumption if the high 

efficiency controller is not calibrated correctly. Implementation of the high efficiency 

controller on the three test benches demonstrates fuel consumption reductions of up to 12% 

in comparison to the original controller. In addition the battery bank state of charge must be 

maintained in order to demonstrate that fuel consumption reductions are due to improved 

efficiency of control and not a relocation of energy from the internal combustion engine to 

the battery bank. Detailed analysis of the implemented non-predictive high efficiency 

controller reveals the potential for further improvement through the use of predictive control.  
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The predictive controller relies on the average vehicle velocity and absolute average 

acceleration of standardised drive cycles to predict the energy requirements of planned 

driving routes. It is expected that such an approach forms the basis for predicting the energy 

requirements of real-world driving, which the designed predictive controller takes advantage 

of. Using the predicted energy requirement in comparison to the consumed energy during 

driving the controller is capable of calibrating the high efficiency region of the non-

predictive controller on-the-go. Testing the performance of the predictive controller on the 

Toyota Prius 2010 test bench, fuel consumption reductions of operation as a hybrid electric 

and plug-in hybrid electric vehicle are revealed. In addition error tolerance in the predicted 

information and the effect on the fuel savings are quantified. Implementing the predictive 

controller demonstrates the potential for maximising the use of stored energy while 

maintaining high efficiency control of the powertrain. Fuel savings for operation of the 

predictive controller in hybrid electric and plug-in hybrid electric vehicles are up to 4% and 

22% respectively. This is in comparison to the existing controller. Fuel savings are much 

higher in the plug-in hybrid case since the strategy relies on charging from the grid.  
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Symbol/Abbreviation Description Unit 

*
 

Identifies a requested signal when placed after the 

appropriate symbol (e.g. 
*

eT  is requested ICE 

torque however Te is measured ICE torque) 

- 

.* 
defines element-wise multiplication for vectors 

and arrays, this is used in MATLAB notation 
- 

./ 
defines element-wise division for vectors and 

arrays, this is used in MATLAB notation 
- 

// 
Used to indicate the start of comments on a line in 

the presented algorithms 
- 

a acceleration of a vehicle m/s
2
 

a1 

acceleration constant for determining ICE 

operation when vehicle velocity exceeds a defined 

minimum 

m/s
2
 

a2 

acceleration constant for determining ICE 

operation when vehicle velocity is below a 

defined minimum 

m/s
2
 

ADVISOR advanced vehicle simulator - 

Af frontal area of vehicle m
2
 

Ahess Amp-hour rating of one ESS module Ah 

āj absolute average acceleration/deceleration  m/s
2
 

AT automatic transmission - 

b 
coefficient for charge or discharge of ESS, equal 

to 1 for discharging or -1 for charging 
- 

C Carrier gear (also known as yoke) - 

CD coefficient of aerodynamic drag - 

CI compression ignition - 

CO 
carbon monoxide (also collective carbon 

emissions) 
- 

count_Pe,map 

length of Pe,map for which the primary for loop is 

required to count towards in calculating the 

optimal operating line (Algorithm 3.1) 

- 

count_ωe,map 

length of ωe,map for which the secondary for loop 

is required to count towards in calculating the 

optimal operating line (Algorithm 3.1) 

- 

CVT continuously variable transmission - 

d distance travelled during driving  km 

De enable signal for ICE operation, 1 for on 0 for off - 

ECE urban segment of the NEDC - 

Eess ESS energy consumed kJ 

Eess,r Remaining energy stored in the ESS at time t kJ 

Eess,total Total energy stored in ESS at 100% SOC kJ 

Ef fuel energy consumed  kJ 

EL load energy consumed  kJ 

ELtoff tractive energy consumed during toff period  kJ 

EMS energy management system - 
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xx 

ESS energy storage system - 

ESV energy smart vehicle - 

Etotal total tractive energy kJ 

EUDC extra urban segment of the NEDC - 

EV electric vehicle - 

FC fuel consumption  L/100km 

fe frequency of ICE on/off periods over a drive cycle  

fm/g frequemcy of the M/G Hz 

fo initial consideration for rolling resistance - 

fr rolling resistance coefficient - 

Ft tractive force  N 

FTP federal test procedure - 

GPS global positioning system - 

HC hydrocarbon - 

HEC High efficiency controller - 

HEC-V 
high efficiency controller with varying vehicle 

velocity included  
- 

HEV hybrid electric vehicle - 

HF hybridization factor - 

HL07 
An aggressive driving schedule determined in 

combination with the FTP 
- 

HWFET highway fuel economy test - 

i 
gear ratio for definition of drivetrain component 

operations 
- 

ICE internal combustion engine - 

Ichg maximum charging current accepted by the ESS  A 

Iess terminal current of the ESS  A 

ig transmission gear ratio - 

ig,min minimum  transmission gear ratio - 

io final drive gear ratio  - 

irw gear ratio between the ring gear and drive axle - 

it total transmission and final drive gear ratio - 

J 
factor representing rotational inertia of 

components in drivetrain 
kg.m

2
 

Je 
factor for rotational inertia of components in the 

ICE 
kg.m

2
 

Jm/g Factor for rotational inertia of components in M/G kg.m
2
 

JP 
generalised factor representing rotational inertia 

of components in the powertrain 
kg.m

2
 

Jw factor for rotational inertia of the wheels kg.m
2
 

k 

constant representing unique characteristics of 

individual ICE for the approximate linear 

relationship between fuel consumption rate and 

output torque 

- 

k1 
arbitrary gear ratio between ICE and driven 

wheels in a mechanical coupling 
- 

k2 
arbitrary gear ratio between M/G and driven 

wheels in a mechanical coupling 
- 

kyr gear ratio between the carrier gear and ring gear - 
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kys gear ratio between the yoke gear and sun gear - 

LA92 Unified driving schedule - emissions test - 

M Vehicle mass kg 

M/G motor/generator - 

MAPE mean absolute percentage error  % 

ṁf fuel consumption rate  g/s 

MT manual transmission - 

NEDC new European drive cycle - 

Ness Number of modules in the ESS - 

NO nitrogen oxide - 

NOR Logic block NOT OR - 

non-OECD 
Nations outside the Organisation for Economic 

Corporation and Development 
- 

NurembergR36 
Drive cycle for bus route 36 in Nuremberg, 

Germany 
- 

OECD 
Organisation for Economic Corporation and 

Development 
- 

Pav average tractive power requirement  W 

Pav,act 
average tractive power requirement using 

equation 3.1 
W 

Pav,est 
average tractive power requirement using 

equation 5.1 
W 

Pbrake mechanical braking power W 

PBS power balancing strategy - 

Pchg charge power requested from the ICE W 

Pe ICE power W 

eP  

An array of ICE output power, indexed 

horizontally by eT  and vertically by ωe having 

dimensions n by m 

W 

pe 
percentage of total input energy considered to 

have been supplied by the ICE 
% 

Pe,av Calculated average ICE power W 

Pe,in ICE input power or power in the fuel  W 

ineP ,  

An array of ICE input power, indexed horizontally 

by eT  and vertically by e  and is a pre-existing 

array in the ICE control unit for estimating fuel 

consumption relative to output torque and speed. 

W 

mapeP ,  
vector containing ICE output power values with 

respect to ωe,map  
W 

Pe,map_index 

for loop variable defined for evaluating the 

calculation of the optimal operating line as the 

ICE speed increases (Algorithm 3.1) 

- 

max,eP  
vector containing the maximum output power at 

varying ICE speeds relative to Te,max-map 
W 

Pe,max_index 
variable used to find the location of the maximum 

ICE power in the Pe,max vector (Algorithm 3.1) 
- 

pe,min 
percentage of maximum ICE torque that ICE will 

operate above  
% 

Pe,min 
vector containing minimum output power at 

varying ICE speeds (Algorithm 3.1) 
W 
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pe,opt 
percentage of maximum ICE torque for optimal 

ICE operation  
% 

opteP ,  
vector containing the ICE output power of the 

optimal operating line for VSC (Algorithm 3.1) 
W 

PEMFC proton exchange membrane fuel cell  - 

Pess Power discharged from the ESS W 

Pess,av Average power discharged from the ESS W 

Pess,max 
Maximum allowable power discharged from the 

ESS 
W 

Pess,min 
Minimum allowable power discharged from the 

ESS 
W 

PGS planetary gear set - 

PHEV plug-in hybrid electric vehicle - 

PL drivetrain load power W 

PL,av 
Recorded average drivetrain load during ICE 

operation 
kJ or W 

pm/g,max 
percentage of maximum M/G torque for which 

M/G operation is limited to 
% 

Pm/g M/G power  W 

Pm/g,max Maximum developed power from the M/G W 

Pm/g,min Minimum developed power from the M/G W 

PP propulsion device power  W 

Pt tractive power  W 



loweP ,
 minimum power for the high efficiency region 

relative to ηe,low  
W 



loweP ,
 maximum power for the high efficiency region 

relative to ηe,low  
W 

Pηe,max power at which ICE achieves maximum efficiency  W 

Q output of the SR flip-flop - 

Q* conjugate of the output of the SR flip-flop - 

QHV heating value of the fuel used  kJ/kg 

R ring gear - 

r 
approximate radius of rotating components of the 

powertrain 
m 

rd drive wheel radius  m 

Rint internal resistance of ESS model  Ω 

s slip  % 

S sun gear - 

SI spark ignition - 

SOC state of charge - 

SOCfinal measured final SOC of ESS  % 

SOChigh high SOC limit for ESS controller  % 

SOCICE 
ESS SOC percentage below which the ICE is 

required to switch on  
% 

SOCinit measured initial SOC of ESS  % 

SOClow low SOC limit for ESS controller  % 

SOCtarget target SOC for ESS controller  % 

SR set-reset, used in the description of an SR flip-flop - 

t time  s 
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T 
One full period in which one charge and one 

discharge event occurs for the ESS  
s 

tchg 
time taken for ESS to charge from SOClow to 

SOChigh  
s 

Tcoolant ICE coolant temperature  °C 

tdis 
time taken for ESS to discharge from SOChigh to 

SOClow (s) 
s 

Te ICE torque  Nm 

eT  vector of length m containing the ICE torques Nm 

Te,best 

vector used to record the optimal torque for the 

optimal operating line at individual points with 

respect to Pe,map_index and ωe,best_index (Algorithm 

3.1) 

Nm 

Te,max maximum ICE brake torque  Nm 

mapeT max,  
vector that contains interpolated values of 

measured torque for use in calculating the optimal 

operating line (Algorithm 3.1) 

Nm 

opteT ,  
vector containing the ICE output torque of the 

optimal operating line for VSC (Algorithm 3.1) 
Nm 

mapPeeT ,,  
vector containing ICE output torque at power and 

speeds relative to Pe,map and ωe,map respectively 

(Algorithm 3.1) 

Nm 

Te,Pe,map_index 

for loop variable defined for evaluating the 

calculation of the optimal operating line as the 

ICE speed increases (Algorithm 3.1) 

- 

Tin 
input torque for definition of drivetrain 

component operations  
Nm 

TICE Temperature of ICE °C 

TL drivetrain load torque  Nm 

Tm,max 
vector containing the maximum motoring torque 

of M/G during propulsion  
Nm 

Tm/g M/G torque  Nm 

Tmax,cont maximum continuous torque for M/G  Nm 

Tmax,peak maximum peak torque for M/G  Nm 

toff ICE off period  s 

ton ICE on period  s 

ton,min minimum ICE on time s 

Tout 
output torque for definition of drivetrain 

component operations  
Nm 

Tt tractive torque  Nm 

ttrip estimated time of arrival or trip time for driving s 

Ttstat thermostat threshold temperature °C 

Tηe,max 
torque at which ICE achieves maximum 

efficiency  
Nm 

UDDS Urban dynamo driving schedule - 

US06 
US Environmental Protection Agency's 

supplemental FTP 
- 

V vehicle velocity  m/s 

V1 

Vehicle velocity threshold for ICE operation when 

SOC is greater than the target SOC in the Toyota 

Prius 2010 model in Section 5.7.1 

m/s 
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V2 

Vehicle velocity threshold for ICE operation when 

SOC is less than the target SOC in the Toyota 

Prius 2010 model in Section 5.7.1 

m/s 

V3 Vehicle velocity threshold for ICE to remain on  m/s 

Vav average vehicle velocity  m/s 

Vbus 
bus voltage for the electrical network of the 

considered vehicle configuration  
V 

Vess terminal voltage of the ESS  V 

Vmax maximum vehicle velocity  m/s 

Vm/g voltage of the M/G V 

VOC open circuit voltage of ESS model  V 

VZEV 
vehicle velocity below which a vehicle operates as 

a zero emissions vehicle 
m/s 

VSC variable speed control - 

WVUCITY West Virginia city driving schedule - 

Xi calculated or predictive value for the MAPE - 

Yi measured value for the MAPE - 

z 
quantity representing the effect of temperature on 

fuel, HC, NO, CO emissions 
- 

Z 

number of teeth on a gear in between the ring gear 

of the PGS in the Toyota Prius and drive wheels 

(six gears in total) 

- 

ZR number of teeth on the ring gear - 

ZS number of teeth on the sun gear - 

ZY number of teeth on the carrier (yoke) gear - 

αav 

1st variable for determining estimated average 

tractive power requirement of drive cycles with 

respect to āj 

- 

αj individual drive cycle alpha value - 

βav 

2nd variable for determining estimated average 

tractive power requirement of drive cycles with 

respect to āj 

- 

δ mass factor - 

δ1 
constant representing the effect of rotational 

inertia of wheels in the mass factor 
- 

δ2 
constant representing the effect of rotational 

inertia of rotating components in the mass factor 
- 

∆E 
input energy threshold for consideration of ICE 

on/off times  
kJ 

∆FC change in fuel consumption at end of driving L/100km 

∆ηe,max 
incremental value for calibrating the high 

efficiency region 
% 

η#,av 

Represents average efficiency of a component, 

where ‘#’ is replaced with the appropriate 

component label (for example ηe,av is the average 

ICE efficiency) 

% 

ηc coulomb efficiency of ESS  % 

ηchg ESS charge efficiency  % 

ηd final drive efficiency  % 

ηdis ESS discharge efficiency  % 

ηDT drivetrain efficiency  % 
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ηe ICE efficiency  % 

e  

array containing the ICE efficiency of operation, 

indexed horizontally by eT  and vertically by e  

having dimensions n by m 

% 

ηe,low 
efficiency below which ICE operation is 

undesirable 
% 

ηe,max maximum efficiency of ICE  % 

indexmapee _,,  

vector containing interpolated values of ICE 

operating efficiency with respect to ωe,map and 

Te,Pe,map and indexed by ωe,map_index for each 

iteration of the two for loops. (Algorithm 3.1) 

% 

ηe,ωe,map_index_max 

the maximum efficiency in the ηe,ωe,map_index vector 

with respect to the current value of ωe,map_index 

(Algorithm 3.1) 

% 

normindexmapee __,,  
vector containing the normalised values resulting 

from ηe,ωe,map_index with respect to ηe,ωe,map_index_max 

(Algorithm 3.1) 

% 

ηm/g M/G efficiency  % 

ηrw 
efficiency of energy transfer from the ring gear to 

the drive axle  
% 

ηsr 
efficiency of energy transfer from the sun gear to 

the ring gear  
% 

ηsys system efficiency  % 

ηt transmission efficiency  % 

ηtb 
combined efficiency of rear transmission and final 

drive  
% 

ηtf 
combined efficiency of front transmission and 

final drive  
% 

ηyr 
efficiency of energy transfer from the yoke gear to 

the ring gear  
% 

ρ air density  kg/m
3
 

ρf density of the fuel used  g/L 

σ
2
 Variance in fuel consumption L/100km 

ωdw drive wheel speed  rad/s 

ωdwn fixed gear transmission input downshift speed  rad/s 

ωe ICE speed  rad/s 

e  vector of length n containing the ICE speeds rad/s 

beste,  

vector used to record the optimal speed for the 

optimal operating line at individual points with 

respect to Pe,map_index and ωe,best_index (Algorithm 

3.1) 

rad/s 

mape,  
vector for the ICE speed with the defined 

resolution, interpolating the measured speeds 
rad/s 

ωe,map_index 

for loop variable defined for evaluating the 

calculation of the optimal operating line as the 

ICE speed increases (Algorithm 3.1) 

- 

opte,  
vector containing the ICE output speed of the 

optimal operating line for VSC (Algorithm 3.1) 
rad/s 

ωe,rated ICE rated speed rad/s 

ωidle ICE idle speed rad/s 

ωin input speed for definition of drivetrain component rad/s 
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operations 

ωL drivetrain load speed rad/s 

ωm/g M/G speed rad/s 

ωout 
output speed for definition of drivetrain 

component operations 
rad/s 

ωP propulsion device speed rad/s 

ωPηe,low
-
 

speed at which ICE achieves minimum power for 

the high efficiency region (Algorithm 4.1) 
rad/s 

ωPηe,low
+
 

speed at which ICE achieves maximum power for 

the high efficiency region (Algorithm 4.1) 
rad/s 

ωt tractive speed  rad/s 

ωup fixed gear transmission input upshift speed  rad/s 

ωηe,max speed at which ICE achieves maximum efficiency  rad/s 
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CHAPTER ONE 

 Introduction 

1.1 Background 

Recent energy reports identify that the World is facing an energy crisis, due to the fossil fuel 

reserves nearing depletion within the next 50 years [1]. Increased energy consumption is 

projected for the period 2010 to 2040 due to strong economic growth and expanding 

populations in nations outside the Organisation for Economic Cooperation and Development 

(Non-OECD) [2]. OECD nations on the other hand have strict energy policies in place to 

help minimise energy usage and therefore projected increases to energy consumption are 

less. The trend of the World’s increased energy requirements for the OECD and non-OECD 

is revealed in Figure 1.1, with non-OECD nations projected to share in more than 85% of the 

increase to the World’s energy needs.  

 

Figure 1.1 – World energy consumption, 1990 to 2040 [2].  

The transportation sector accounts for up to 20% of the World’s annual energy consumption, 

which is the second largest percentage amongst the major energy sectors [2]. Figure 1.2 from 

the International Energy Outlook 2013 report [2], indicates that the consumption of liquid 

fuels will continue to be the major contributor to the World’s energy consumption. The 

International Energy Outlook 2013 report also identifies that the transportation sector held a 

share of 55 percent of the World’s total liquid consumption in 2010 with a projection to 
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increase to 57 percent by 2040. This is relative to a 1.1 percent growth rate in the total 

energy consumption of the transportation sector between 2010 and 2040.  

 

Figure 1.2 – World energy consumption by fuel type, 1990 to 2040 [2]. 

In Australia the transportation sector accounts for 37.1% of Australia’s total energy 

consumption [3], the majority of this being sourced from liquid fuels. Therefore alternative 

energy sources are highly sort after to ensure sustainability for future generations. Here 

energy smart vehicles (ESVs) are investigated in the development of an energy management 

system (EMS) to meet the requirements of everyday driving. An energy smart vehicle as an 

alternative to the conventional vehicle is one that attempts to maximise energy utilisation, 

minimise fossil fuel consumption or reduce emissions production. 

ESV applies to three categories of transportation currently considered to have the potential of 

competing with conventional internal combustion engine (ICE) vehicles. The three vehicle 

categories include electric, hybrid electric and plug-in hybrid electric. Various vehicle 

configurations are realised by the integration or omission of vehicle components and devices 

[4]. The current aim for all ESV is to achieve high performance with little to no impact on 

the environment [5]. The various means for achieving high performance identify a broad 

spectrum for the objectives featured in this research program with optimisation, energy 

efficiency and utilisation, and reuse and recycle.  

A significant number of research papers detailing the reduction of fuel consumption in 

transportation offer the replacement of the conventional ICE with a form of electric 

propulsion [1, 4-17]. This design approach results from the high efficiency seen in energy 

storage systems (ESSs) and motor/generators (M/Gs) during transient loading in power 

systems. An initial comparison observes the average ICE efficiency being less than 30% [18] 
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compared with the average M/G and ESS efficiency of greater than 80% [5, 6]. The actual 

improvement to the energy consumption by transition to electric propulsion devices in the 

transportation industry is much less from a whole systems point of view [7]. Bossel 

compares the use of hydrogen fuel against the use of electricity in [6]. From the comparison 

the efficiencies of electricity generation to ESS are given as shown in Figure 1.3. 

 

Figure 1.3 - Efficiencies of electric grid as identified in [6]. 

The comparison of Figure 1.3 assumes that all electrical energy comes from renewable 

energy sources with transmission efficiencies of up to 76.5%. This reduces the efficiency of 

electric vehicles (EVs) to between 61.2% and 68.85% at 80-90% efficiency during driving. 

Bossel has referred to the 100% renewable energy sources as a theoretical example in 

comparing the inefficiency of fuel cell vehicles to EVs. Note that the total average efficiency 

of fuel cell vehicles as determined in Bossel’s example is less than 30%, this is also 

supported by Williamson et al in [18]. The EV and fuel cell vehicle are discussed further in 

Sections 2.2.2 and 2.2.3 respectively. The example referred to is considered an ultimate 

scenario if we transitioned towards replacing all fossil fuelled power generation with 

renewable power generation. This is a controversial debate of the EV with respect to 

greenhouse gas emissions production where EV enthusiasts declare the EV a zero emissions 

vehicle [19-22]. 

Unless governments convert all power stations to renewable energy, electric propulsion is 

still reliant on fossil energy [1]. Figure 1.4 identifies the projected World net electricity 

generation by energy source. Considering the previous example, renewable energy in 2010 

made 20.6% of the World’s net generated electricity with the expectation that it will make up 

24.6% in 2040 [2]. This is excluding nuclear which is classified as renewable however there 

are concerns for the cost and sustainability of nuclear power [1]. Figure 1.4 shows that at 

least 60% of the World’s net electrical energy is sourced from fossil fuels leading to the 

conclusion that EVs ultimately relocate fossil fuel consumption and emissions from the 

driving stage to the electricity generation stage. It is also noted that 60 to 80% of the World’s 

net renewable energy is sourced from hydropower over the period 2010 to 2040. 

Hydropower requires mountainous regions and high annual rainfalls to sustain continuous 

power generation [23]. This limits the availability of such renewable energy sources, and 

highlights concerns for areas that do not have the capability for hydropower. 



Chapter One: Introduction 

4 

 

Figure 1.4 – World net electricity generation by energy source [2]. 

In light of the limited availability of hydropower, Australia’s electricity industry energy 

consumption at the end of 2009-10 was sourced from three main areas. 75% was sourced 

from black and brown coal, 15% from gas and up to 10% from renewable energy sources 

[3]. The renewable energy sources contributing to the electrical energy consumption was 

increasing at a steady rate of 1% for the five years leading up to 2009-2010 [3]. The 

Australian Government through the introduction of the carbon tax in 2012 [24] and related 

emissions reforms [25], expect the total renewable energy generation to exceed 20% by 

2020, which still leaves up to 80% electricity generation from fossil energy sources. This 

study suggests that the use of electricity as the main energy source in transportation will not 

solve the World’s reliance on fossil fuels. The aim for ESVs is therefore the smart utilisation 

of these energy resources until the World is no longer dependent on fossil fuel resources. 

1.2 Motivation 

As opposed to providing a solution that requires the development, designing and marketing 

of a completely new product, innovation will provide a road map for easing the World into 

sustainable vehicles. The use of ESVs provides a pathway for the transportation industry to 

reduce the consumption of fossil fuels. Initially in countries like Australia, increased use of 

ESVs will relocate the increasing demands of fossil resources from oil reserves to coal 

reserves. Following the implementation of the infrastructure to support ESVs there is an 

expectation for increased renewable energy penetration of the electrical network, eventually 

sourcing all electrical energy from renewable sources [1]. This transition to renewable 

energy sources in combination with the preparation of ESVs provides the foundations for a 

sustainable future in the transportation sector. 
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In preparation for this transition to renewable energy sources a reduction in the fossil energy 

consumption of both oil and coal reserves is realised with the efficient utilisation of energy. 

With respect to existing literature discussing ESVs there are many powertrain and drivetrain 

configurations having various advantages and disadvantages (e.g. [4, 11, 15, 19, 26-34]). A 

comparison of the results of such literature leads to the consideration for the best performing 

ESV for use in this investigation. Then through adapting the novel EMS controller 

researched and developed in this program to new and existing ESV topologies, emissions 

and fuel consumption resulting from every day driving are reduced [1, 4, 20, 35].  

The performance of vehicles is quantified using average fuel consumption (or fuel economy) 

and emissions production relative to standardised drive cycles [5, 8, 33, 36]. Standardised 

drive cycles represent the potential tractive load requirements of vehicles during real-world 

city (urban) and highway (extra urban) drive scenarios. In addition to the fuel consumption 

and emissions, component efficiencies, drivability and noise, vibration and harshness, are 

examined for a more detailed analysis [37, 38]. The main concern for ESV however is the 

reduction of fuel consumption and emissions [11, 38-41]. 

As mentioned the standardised drive cycles help in this design phase however, additional 

requirements outlined by bodies such as the Partnership for New Generation Vehicles and 

the US Environmental Protection Agency ensure that vehicle’s meet minimum standards. 

These minimum standards include fuel consumption (fuel economy), emissions targets, 

acceleration requirement (0-100km/h in less than 12 seconds), drive range (greater than 610 

km), noise, vibration and harshness, and minimum useful life (160,000 km) [42]. In addition, 

for the case of fuel consumption requirements vehicles are categorised according to tests 

completed by the Environmental Protection Agency [43], which aid consumers in their 

choice of vehicle. These strict minimum standards for the development of vehicles set the 

bench mark for future vehicle design and evaluation.  

The designing of ESVs initially includes sizing, integration and configuration of components 

relative to the power and energy density requirements of driving. For best performance in 

vehicles high power and energy densities are desirable [20], hence the use of ICE in 

conventional vehicles. The obvious issue with ICE is the fact that they consume fossil fuels 

and produce unwanted levels of emissions. Power density ensures an energy source can meet 

high transient demands of the drivetrain while energy density determines the length of time 

the source will continuously supply an average power to the load. Energy density therefore 

determines the drive range of a vehicle. The problem with alternative energy sources in 

comparison to the fossil fuels used in ICE is that they have either limited power density or 

energy density. Battery banks are an example of the ESS used in ESVs, and while they have 

sufficient power density for drive load requirements they lack energy density [44]. Fuel cells 
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on the other hand have high energy density with low power density leading to the limited 

potential for sustaining high transient load requirements [39, 45]. The common design 

principle is to pair a high energy density, low power density source with a low energy 

density, high power density source hence the consideration for hybrid vehicles [38]. For 

optimal performance the design must match the control strategy employed by the EMS.  

The control strategy defines the overall objective for the EMS, for example maintaining the 

state of charge (SOC) of a battery bank , or minimising fuel consumption [5]. There are a 

large number of control techniques utilised in literature to implement the control strategy. An 

example of some of these techniques include dynamic programming [8, 33], stochastic 

dynamic programming [33, 36], the equivalent consumption minimisation strategy [46], 

adaptive-equivalent consumption minimisation strategy [36, 47], and rule based or finite 

state machine [34, 41]. With the help of research such as that presented by Wirasingha et al 

[8], recent control strategies and techniques are categorised and compared for advantages 

and disadvantages in ESVs [48]. This analysis lead to a reduced scope of control strategies 

best suited for investigation as applied to ESVs. A general conclusion from such analysis 

identifies optimisation based blended controllers as having the greatest potential for reducing 

the consumption of fossil energy reserves.  

The problem however remains as to which EMS design and control strategy to implement. 

ESVs through the developed EMS are required to meet the requirements of everyday driving 

efficiently given the identified transportation standards. This thesis identifies an EMS for 

ESVs that minimises fossil fuel consumption whilst acknowledging the transportation 

standards outlined above.  

1.3 Aim and Scope 

Previous literature discussing ESVs is investigated in an attempt to determine the optimal 

EMS design and control strategy. Optimality of the design in EMS pertains to the sizing, 

integration and configuration of components that provide the best performance as well as 

meeting the power and energy density requirements of driving. Selection of the EMS control 

strategy is dependent on factors such as computational complexity, flexibility in control, 

controller calibration and portability each having various advantages and disadvantages in 

the performance of the ESV. The characteristics of design and control of EMS in ESV are 

then quantified through a comparison of overall performance, using fuel consumption (and 

thereby emissions) reductions, impact on drivability and efficiency of operation to evaluate 

the benefits.  
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1.3.1 Objectives  

1. Determine a robust easily implementable approach to EMS control that will improve 

the performance of new and existing vehicles. 

2. Improve the average efficiency of operation of the ICE with respect to the 

constraints of the EMS inherent on hybrid electric vehicles (HEVs) and plug-in 

hybrid electric vehicles (PHEVs) during driving. 

3. Determine a predictive controller to aid with energy management decisions in the 

EMS of HEV and PHEV. 

1.3.2 Research Questions 

Below is a list of research questions determined throughout the research program. The first 6 

questions were asked in the initial stages of the research program with the final 3 questions 

being refined from the initial investigations. The selected format for the listed questions 

identifies a chronological approach in the formulation of the scope as the research 

progressed. The initial research questions help set the target for determining any gaps in the 

existing research base:  

1. What is the best type of ESV to solve the World’s reliance on fossil fuels in the 

transportation industry? Relevant to: 

a. Vehicle configuration – how components are arranged and therefore how 

they interact on a vehicle 

b. The powertrain – e.g. ICE, fuel cell or all electric? 

c. The drivetrain – e.g. fixed gear transmission or continuously variable 

transmission (CVT)? 

2. What is the optimal sizing of powertrain and drivetrain components in order to meet 

the energy demands of everyday driving? 

3. What are the recent trends in control strategies and how do they improve the 

performance of ESVs? 

4. Where in the ESV is there the most potential for improvement? 

5. Is there an EMS applicable to both new and existing vehicles? 

6. Is there an acceptable test bench for developing and evaluating a novel EMS? 

Following the above investigation the literature review identified three more research 

questions. Questions 7 to 9 outline the main research objectives identified above and provide 

the main focus for the research program. 

7. Is there a robust, computationally low and easily implementable method for EMS 

control that will improve the performance of new and existing vehicles? 

a. Resulting from questions 3 and 5 and discussed in Section 2.5 
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8. Will maximising the efficiency of operation of the ICE lead to fuel consumption 

reductions? 

a. Resulting from question 4 above, with the discussion and solution featured 

in Chapter 4. 

b. The ICE is selected as the primary propulsion device, as a result of question 

1 above, which is discussed in Section 2.2.4. 

c. The ICE has the lowest average efficiency of operation in comparison to 

other propulsion devices featured in ESVs. 

9. Having determined an approach to real-time optimisation based blended control is 

there further potential for improvement using predictive control? 

a. Resulting from questions 3 to 5 and question 8 as discussed in Section 2.5 

and Section 4.9.6 with the solution featured in Chapter 5. 

1.3.3 Assumptions 

For the analysis presented in Chapters 3, 4 and 5 the following assumptions hold: 

1. Steady state operation of powertrain and drivetrain components. 

2. During simulation of test vehicles, the frequency of driving data is one second. Any 

transients in the mechanical and electrical networks higher than 1 Hz are ignored. 

3. Hot operation of the ICE and associated drivetrain components. 

4. Auxiliary loads included in the measured data of test vehicles as modelled in 

Chapter 3 (such as heating ventilation and air conditioning, drive-by-wire and 

lighting loads), in simulation are integrated in the losses of components (such as the 

ICE or M/G efficiency). 

5. Optimisation in this research program is conducted for the tank to wheels case, 

considering that efficient utilisation or reduction of fossil energy consumption is 

independent of the losses incurred by sourcing the electrical or chemical energy 

stores. 

6. Power electronic converters are referred to as black boxes, such that steady state 

control of the electrical components is achieved with losses being represented in the 

efficiencies of the power sources they control.  

7. Tractive power calculations of vehicles are considered with respect to vehicle 

velocity only. This analysis therefore excludes road gradients which can otherwise 

add additional loads to standardised drive cycles [5]. The addition of road gradients 

would produce an increase in the final fuel consumption proportionate to the weight 

of the vehicle and is therefore not influenced by the designed controller.  
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1.4 Contributions of Thesis 

Relative to the research objectives identified in Section 1.3.1 the main contributions of this 

thesis include: 

1. Identification of the power-split connected PHEV (including an ICE and two M/Gs 

coupled to the drive wheels via a planetary gear set (PGS) that acts as a CVT) as the 

ESV having the most potential for satisfying the World’s transportation energy 

requirements . 

2. An approach to analysing measured data of existing ESVs for increased 

understanding of their design and associated control strategies and for the purpose of 

creating accurate test benches in simulation. 

3. A novel high efficiency controller in ICEs that helps in the decision process of 

EMSs utilising blended charge depletion or charge depletion/charge sustenance 

strategies in PHEVs.  

4. A novel method for predictive control in the EMS based on the high efficiency 

controller of the ICE for increased utilisation and efficacy of the stored energy in 

ESSs of PHEVs. 

Following the main contributions there are a number of secondary contributions including: 

 A control strategy applicable to new and existing ESVs, specifically parallel and 

power-split connected topologies. 

 An approach to achieving autonomous control of the EMS with respect to average 

vehicle velocity and acceleration/deceleration requirements of planned driving 

routes. 

 A method for predicting tractive energy requirements of driving given the average 

vehicle velocity and average absolute acceleration/deceleration, representing the 

varying driver behaviour and traffic conditions. 

 Comparison and improved understanding of a mathematical approach to tractive 

power calculation with respect to measured data 

 A method for minimising the number of ICE stop/starts considering the SOC swing 

of the ESS. This is used as the basis for the predictive controller. 

 A novel approach to analysing the performance of PHEV, such that fuel 

consumption reductions are calculated with respect to SOC corrections using the 

ICE and the grid. 

 An approach to sizing the components of ESV, in particular a 2 by 2 power-split 

plug-in hybrid electric vehicle. 
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 Development of an approach to control system design regarding the limitations of 

the powertrain in comparison to the steady state and transient requirements of 

driving.  

 Development of three test benches for analysing the performance of EMS control 

strategies in simulation. 

 An overview of the factors that contribute to the improved performance of EMS 

control strategies relative to the latest research, for example: 

o Low computational requirement 

o Flexibility in control 

o Minimal calibration requirement 

o High portability 

 An overview of the performance parameters which are important in the analysis of 

ESVs and thereby utilised to procure accuracy in simulation, for example: 

o Powertrain and drivetrain specifications 

o ICE on/off operation 

o ESS charge and discharge periods 

o Input and output energy, overall efficiency and average fuel consumption 

1.5 Organisation of Thesis 

Chapter 2 Literature review 

This Chapter defines the available ESVs described in literature, the components inherent in 

each powertrain and drivetrain and how they have been perceived to aid with fuel 

consumption and emissions reduction. This discussion helps to highlight the various 

advantages and disadvantages of each type of ESV. For each of the ESVs there are specific 

modes of operation identified in literature that outline the principles for control of the EMS. 

The discussion relates the powertrain and drivetrain components to the vehicle configuration 

as a means to compare the operation and control of ESVs. Having determined the overall 

consideration for ESVs existing vehicles are discussed to emphasise the performance 

outcomes found in technical papers. Following the consideration for ESV design the control 

strategy highlights the means to achieve best performance. In order to relay the achievements 

to the improvement of control strategies in EMS, the method for categorisation in [8] is 

utilised with respect to recent literature. This approach provides a necessary understanding of 

the existing control strategies and techniques.  

Finally a method for the sizing of components is discussed with respect to the development 

of an experimental setup. Initially the experimental setup was to be used as the test bench, 
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however, budget constraints restricted testing to software instead. This investigation into the 

sizing of components reveals important considerations in the design of the EMS. 

Chapter 3 Modelling of energy smart vehicles 

This Chapter identifies three methods for simulation; backward, forward and combined 

backward/forward facing approaches and the associated benefits of using these types of 

simulation packages. It then defines three existing vehicles to be modelled in the advanced 

vehicle simulator (ADVISOR [49]) software package which are to be utilised as the test 

benches for the developed control strategies in this thesis. Acknowledging the methods used 

for confirming tractive power requirements and drivetrain specifications, measured data of 

three commercially available vehicles is utilised in developing the three test benches. In 

addition the modes of operation of the ESV and thereby the potential control strategies 

utilised are revealed through a discussion of the relationships between torques and speeds of 

powertrain and drivetrain components. In particular focus is given to the operation of the 

ICE since this is the main contributor to the total energy consumption in the considered test 

vehicles. Finally the vehicle component models and the control strategies of each of the test 

vehicles are defined and verified with respect to the measured data. 

Chapter 4 Design of a high efficiency controller in PHEV 

Chapter 4 introduces previously used methods specific to the proposed EMS controller. In 

particular the discussion refers to the power balancing strategy (PBS) and variable speed 

control (VSC) of the ICE. The convention for requested and measured signals is established 

with respect to a general EMS controller in HEV and PHEV. The proposed high efficiency 

control is defined through the use of combined PBS and VSC while considering the 

operation of the ESS. Constraints for the proposed controller are described and a calibration 

procedure is identified. Implementing the novel controller on the three test benches 

developed in Chapter 3, the performance is evaluated with respect to fuel consumption 

reductions and the impact of the developed controller on drivability. Further analysis of the 

model identifies the potential for improvement by varying the calibration of the high 

efficiency controller for different drive cycles. 

Chapter 5 Design of a predictive controller for PHEV 

In this Chapter a method for predicting the energy requirements of a planned driving route is 

defined. Using the defined high efficiency region from Chapter 4 as the relationship between 

tractive power requirement and powertrain performance limitations, calibration of the high 

efficiency controller is achieved on-the-go. Referring to the relationship identified in Ehsani 

et al [5], a method for approximating the energy requirements of a drive cycle is determined 

as the means for calibrating the high efficiency controller. This calibration relies on the 
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general use of the ICE and ESS over the drive cycle such that component limitations restrict 

the ICE on/off times. A novel method of control is realised and employed as the basis for 

implementing a predictive control strategy in the Toyota Prius 2010 model developed in 

Chapter 3. Finally, the novel predictive controller is evaluated with respect to fuel 

consumption, drivability, energy utilisation and the effect of prediction errors on the 

performance of the vehicle.  

Chapter 6 Conclusions 

The outcomes of this research are summarised with respect to the research questions of 

Section 1.3.2. This approach was utilised in an attempt to maintain focus for the thesis 

presentation and to aid the reader with identifying the scope and contributions of the 

research. In addition future research outcomes are considered as a result of the work 

completed in this research program.  
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CHAPTER TWO 

Literature Review 

2.1 Introduction 

The focus for the research initially was to define the ESV as presented in technical 

publications. There is a significantly large research base relative to ESVs especially in the 

area of design and control of the EMS, as this Chapter identifies. The discussion begins with 

an overview of electric, hybrid electric, fuel cell and plug-in hybrid electric vehicles and the 

relationships between the propulsion devices and drivetrain components. Factors affecting 

the relationships between on-board components and the propulsion devices include vehicle 

configuration, technical specifications and constraints of the components included. The 

specific modes of operation are dependent on the components selected for an ESV, the HEV 

however provides an insight into the typical modes utilised. Following this definition of the 

ESV, the performances of existing vehicles are examined as a means for comparison of 

expected operation. This helps clarify the selection of the ESV that has the greatest potential 

for reducing the transportation industry’s reliance on fossil fuels in the long term whilst 

providing a more efficient alternative in the short term. As a result of this discussion the 

power-split PHEV demands attention for use as the best alternative to the conventional 

vehicle.  

Performance of the control strategy utilised in the EMS of the selected vehicle relies on four 

factors acknowledged in a number of research papers [7, 36, 46]. These four factors are the 

computational complexity, calibration requirement, flexibility in control and portability. 

Here the categorisation of control strategies discussed in Wirasingha et al [8] was referred to 

for distinguishing the potential benefits of controllers and strategies featured in recent 

literature. The four categories include hybrid, multimode, rule-based blended and 

optimisation-based blended controllers. In addition there are sub-categories that help to 

provide further insight into the performance of ESVs. This process of analysing control 

strategies lead to the developement of real-time optimisation based blended controllers in the 

selected ESV.  

Note that this literature review offers a discussion toward identifying an ESV that is best 

suited for satisfying the World’s transportation needs, however, the analysis completed in the 

following Chapters are applied to existing vehicles. This decision was realised during the 

investigation of an experimental setup for the selected ESV, which ultimately exceeded the 
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allocated budget for the project. Instead models for simulation are developed and utilised as 

the test benches such that real-world limitations are acknowledged and implemented. 

2.2 Energy Smart Vehicular Technology  

The term ‘energy smart’, refers to those vehicles that have reduced the overall energy 

consumption of travelling from one destination to another in comparison to the conventional 

vehicle. The category of a conventional vehicle describes a mode of transportation that uses 

fossil fuel as the primary energy source. The conventional vehicle as introduced in this 

Section, typically relies on an ICE to convert fossil fuel energy into mechanical energy [5]. 

Currently there are a number of different types of ESVs presented in journal articles [9, 11, 

33, 50-53]. In particular the aim is to reduce the reliance transportation has on fossil 

resources and thereby mitigate greenhouse gas  emissions production [1]. This means 

integrating or replacing the fossil fuel power source (i.e. ICE) with alternative power sources 

[6]. Alternative power sources include ESS, M/G, and renewable energy sources [7]. This 

Section introduces the energy smart vehicular technologies available for reducing the fossil 

resource reliance of the transportation sector.  

2.2.1 Conventional Vehicle 

 

Figure 2.1 – Conventional powertrain, identifying main components from stored fuel to 

driven wheels. Arrows indicate energy flow between components. 

Powertrain 

The conventional vehicle describes the most common powertrain utilised for transportation 

today [5]. Referring to Figure 2.1 the ICE of a conventional vehicle provides all load power 

requirements during driving. The energy available on the output shaft of the ICE is 

consumed by the electrical and mechanical loads of the vehicle. Accessory loads 

(Accessories in Figure 2.1) of the vehicle fall into the category of electrical and mechanical 

loads that consume power in addition to the driving load requirements of the vehicle. The 

accessory loads include the instrumentation cluster, heating ventilation and air conditioning, 

power steering, water pump etc., that account for a small percentage of the vehicle load 
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requirements [54]. Mechanical drive loads of the conventional vehicle relates to the use of 

the ICE as the primary propulsion device. 

Internal Combustion Engine 

The mechanical loading of the vehicle is determined by the amount of energy required to 

overcome the aerodynamic drag, rolling resistance, grading resistance and drivetrain inertial 

resistance, which are proportional to the accelerator pedal position as determined by the 

driver [5]. The means for estimating such loads are discussed in Sections 2.6 and 3.4. There 

are two types of ICE utilised in conventional vehicles, the spark ignition (SI) and 

compression ignition (CI) ICE. Typically SI ICE are run on gasoline or natural gas fuels and 

CI ICE utilise diesel [54]. CI ICE are up to 10% more efficient than SI ICE however 

greenhouse gas emissions resulting from CI ICE are much greater [55, 56]. Fossil fuel is 

passed into the ICE, generating mechanical output power at efficiencies up to 40% [5]. The 

main component for the losses experienced in the conversion of the energy from chemical 

(fossil fuel) to mechanical (ICE output shaft) energy is the thermal loss [23, 54]. In addition 

combustion, volumetric and mechanical losses are present in the conversion process [54]. 

Identified losses are represented by the efficiency of the ICE using the symbol ηe in this 

thesis. 

Average efficiencies of the ICE are especially low compared to electric machines for the 

propulsion of vehicles during the load requirements of normal driving. A contributing factor 

to the low average efficiency of the ICE is the need for the ICE power rating to achieve 

acceptable levels of acceleration. This requirement leads to a much higher ICE power rating 

than the average power requirement for normal driving. This higher power rating offsets the 

optimal efficiency region with respect to the average power requirement of the ICE, leading 

to greater fuel consumption. Typical average efficiencies for converting fossil fuel energy to 

mechanical energy using ICE are less than 25% [18]. This low average efficiency leads to 

high consumption of fossil fuels, with light weight conventional vehicles consuming greater 

than 6 L/100km and mid-sized conventional vehicles greater than 10 L /100km [43].  

Transmission 

The transmission allows for varying load torques and speeds to be delivered from the ICE to 

the driven wheels. The majority of conventional vehicles utilise multi-gear transmissions [5]. 

The need for the multi-gear transmission is to increase the torque available at the wheels at 

low vehicle speeds, while allowing ICE operation at high vehicle speeds [5]. The final drive 

increases the ratio between the transmission and driven wheels such that gear ratios of the 

transmission are reduced. This is to save space for the otherwise bulky transmission and to 

reduce the stresses on input and output shafts of the transmission [54]. 
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More ICE power does not necessarily mean better performance in conventional vehicles. The 

transmission determines a number of performance characteristics during driving [5, 54]. The 

performance characteristics include torque available at the wheels, ease of driving, towing 

capability, acceleration and fuel economy. In the conventional vehicle, multi-gear (or fixed 

gear [34]) transmissions have an increasing number of gears for better operating capability, 

especially in heavy vehicles [5]. With increased number of gear ratios the user has more 

levels of control for the power required during operation at varying road speeds [57]. This 

improves fuel economy and response times of the vehicle [34]. The available multi-gear 

transmission types include the manual and automatic transmissions [5]. Electronic control of 

automatic transmissions in conventional vehicles is common in today’s vehicles [58] and 

with today’s push for smart vehicular control manual transmissions are emerging with 

electronic control capability [40]. In addition to the e-controlled transmissions a CVT can 

achieve similar if not better results. 

Although rare for a conventional passenger road vehicle, CVTs offer ease of driving and 

improved fuel economy [43]. The CVT provides infinite gear ratios between the ICE and 

driven wheels allowing the ICE to operate within its most efficient torque and speed 

envelope [34]. Typically CVT have increased losses in comparison to multi-gear 

transmissions [5]. Depending on the application and desired performance requirements of a 

vehicle the transmission is selected accordingly. Mechanical losses in the transmission and 

final drive are represented by the efficiencies ηt and ηd respectively.  

The mechanical load requirements of ESVs are covered in Section 2.6 with additional 

considerations revealed in the analysis of measured data in Chapter 3. The use of the 

conventional vehicle in everyday transportation is leading to significant environmental 

problems. Alternative means of transportation are now available to mitigate the impact of 

conventional vehicles on the environment, as mentioned a predominant solution is to convert 

all conventional vehicles to EVs. 
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2.2.2 Electric Vehicle 

 

Figure 2.2 - Electric powertrain, identifying main components from energy storage to 

driven wheels. Arrows indicate energy flow between components. 

Powertrain 

By replacing the fuel tank or luggage space (in some cases) of a conventional vehicle with an 

ESS, and the ICE with a M/G, an EV is realised [1, 6]. The EV category includes vehicles 

that have been termed ‘battery electric’ [4],  and ‘all electric’ vehicles [59]. During driving, 

energy drawn from the ESS is free of emissions, giving EVs the consideration as zero 

emissions vehicle [7, 8, 60, 61]. The concept of a zero emissions vehicle does not provide 

the full truth about EVs as discussed in Section 1.1, and while not completely false misleads 

consumers as to the benefits surrounding EVs [1]. As indicated by the bi-directional arrows 

in Figure 2.2, the main advantage for EVs over the conventional vehicle is the availability of 

regenerative braking. Rather than using mechanical braking to extract the momentum of the 

vehicle as waste heat [5], regenerative braking allows the ESS to recover up to 90% of the 

vehicles momentum and store it for reuse [6]. The process for regenerative braking is 

discussed further in Section 2.2.6. 

Energy Storage System 

Another concern for EVs is the limited driving range due to the low energy densities of ESS 

[62]. Current battery technologies used in ESS do not have the energy to weight ratios 

required to compete with fossil fuels [20]. This limits the maximum driving distance capable 

of the average EV to no more than 250 km during ideal driving conditions [19, 20], and in 

most cases achieving around 100 km at best [62]. Conventional vehicles are expected to have 

driving ranges greater than 600 km [42]. This driving limitation is referred to as the range 

anxiety of EVs [56], and reduces the potential applications for EVs to city driving or short 

distance commercial use [8, 63-65].  
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There are a number of available ESS mediums available each having a number of advantages 

and disadvantages. The available ESS include battery banks [63], ultracapacitor banks [64] 

(also known as supercapacitor banks [51]), flywheels [66, 67] and the hydraulic regeneration 

system [68]. The fundamental concern in terms of transportation is the energy and power 

densities of these ESSs. The energy density of fuels and storage mediums as identified in 

Section 1.2 determines the driving range of the vehicle [69]. The battery bank is the base 

ESS for EV applications since the remaining three technologies do not have the energy 

density to support driving for reasonable distances. On the other hand power density 

determines the instantaneous peak power that can be drawn from the storage device without 

damaging it [70].  

In battery technologies this power density is relatively low and limits the performance of 

EVs [20], if the battery bank is to maintain a significant life cycle [64, 71]. The life cycle (or 

battery life) of a battery bank describes the expected number of charge and discharge cycles 

from a particular type of battery [72]. This life cycle determines when the battery bank will 

need replacing and varies with differing operating characteristics. For example if a high 

power is continuously charged and discharged from the battery bank this will lead to a very 

short battery life [73]. The remaining three energy storage mediums typically have low 

energy density and high power density, and have been used to extend the life cycle of the 

battery banks in ESVs. This identifies the reason for assuming that high power levels can be 

absorbed and supplied by the ESS in Section 1.2. 

 Motor/Generator 

Electric machines operating as motors or generators in ESV are generally referred to as 

M/Gs [10, 74-76]. The various types of M/Gs available for ESV offer a number of 

performance attributes and control methods [5]. These attributes are dependent on the type of 

electric machine utilised as much as the technical specifications of the machine. There are 

three main types of electric machines, which are DC, AC synchronous and AC induction 

machines each having their own unique performance attributes [77]. The following provides 

an overview of these three types of electric machines as a means to identify their use in ESV.  

Synchronous machines are named as a result of the relationship between rotor revolutions 

and the frequency of the sinuosoidal voltage generated at the terminals of the stator. It is 

advantageous in AC machines to have the low power, DC field windings on the rotor and the 

high power, multiphase armature on the stator. Originally synchronous machines relied on a 

DC current connected to the field winding via slip-rings (or similar) for excitation of the 

rotor, however, research in the last two decades have lead to the use of brushless options 

such as permenant magnets [78, 79]. While the brushed option for synchronous machines has 
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a reduced capital cost, such machines require more frequent maintenance [78, 79]. On the 

other hand a high capital cost of brushless synchronous machines such as the permanent 

magnet synchronous machine results from the use of rare earth metals (NdFeB) [80].  

Similar to the synchronous machine, induction machines have the stator winding excited by 

an alternating current. The rotor winding, however, is dissimilar to the synchronous machine 

such that it utilises on an alternating current as well [77]. While the stator windings of the 

induction machine are structured the same as the synchronous machine the rotor windings 

must allow for an induced current [77]. The rotor windings are short circuited about the rotor 

providing no external connection and instead induction (i.e. transformer action) is utilised to 

provide excitation of the field winding; hence the name induction machine [77]. Induction 

machines offer a robust and often simpler design in comparison to synchronous machines, 

however, high starting torques and thereby large current requirements introduce alternative 

issues that must be accounted for in using induction machine for ESV applications. 

Within the classification of DC machines there are commutated and brushless 

configurations. In contrast to AC machine configurations, DC machines have the armature 

winding located on the rotor, while the field winding is located on the stator. The need for 

commutation arises from the generation of a distorted AC voltage waveform that is a result 

of the interaction of the two magnetic fields rotation (stator and rotor interaction) [77]. The 

commutator is essentially acting as a rectifier, maintaining constant DC output. Alternatively 

to the DC powered field winding permanent magnets can be utilised, however these types of 

DC machines are generally considered for low power applications [77]. Brushless DC 

machines are more or less brushless AC machines with angular position sensors in order to 

accurately control the stepping of the motor using DC excitation applied at different intervals 

around the three or more phase connections [77].  

Both AC and DC machines provide a number of options for use in ESVs. For the most part 

they are both highly efficient having average efficiencies greater than 90% [6], however AC 

machines are thought to have a slight advantage over DC machines when it comes to power 

density. Commutated DC machines for example are heavier, requiring larger volumes of 

space to house the slip-rings for the same power rating as an AC machine [78, 79].  On the 

other hand, AC machines used in vehicles require the additional conversion from either 

single or three phase AC to single phase DC for storage in the ESS and vice versa. The 

losses and extra weight experienced by vehicles using AC machines with power electronics 

may be balanced out in brushless DC machines that suffer greater switching losses as a result 

of the stepping operation of the machine [77]. Each individual case varies for electric 

machine use in ESVs, and no single electric machine can be offered as a unique solution 

without further investigation into the requirements of a design.  
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Power flow for M/Gs is directed using power electronic converters and associated EMS 

controllers [81]. Power electronic converters are used to deliver desired voltage and current 

to the M/G. Input to the power electronic converters comes from the ESS being DC power, 

and depending on the type of M/G utilised the power electronic converters have AC or DC 

output. The EMS controller determines the amount of power to draw from the ESS, by 

calculating the desired torque and speed on the output shaft of the M/G. This is in response 

to the accelerator pedal depression as instructed by the driver. In some cases a transmission 

is utilised to improve the performance of the M/G in EVs however due to the high torque and 

speed ratings of M/Gs a transmission is not necessary [5, 68]. 

2.2.3 Fuel Cell Vehicle 

 

Figure 2.3 - Fuel cell vehicle, identifying main components from both stored energy 

forms to driven wheels. Arrows indicate mechanical and electrical energy flow. 

Powertrain 

Due to the energy density requirements of vehicles for long distance driving, and the poor 

energy densities of battery banks, fuel cell vehicle have emerged as an alternative to the 

conventional vehicle. The energy density of hydrogen is greater than the average ESS 

leading to a greater drive range than the EV [1]. Energy supplied from the fuel cell is 

unidirectional such that once hydrogen is consumed it cannot be recovered, without the aid 

of an external reforming method [45]. The fuel cell vehicle is driven by the M/G coupled to 

the electrical network using power electronic converters and controllers [73]. Like the EV 

previously identified the electrical network of the fuel cell vehicle is able to regenerate 

energy from the vehicle’s momentum using the M/G. During driving the fuel cell vehicle has 

zero emissions similar to the EV [1]. This advantage of fuel cell vehicles has gained similar 

appeal as the EVs promotion as a zero emissions vehicle, as well as overcoming the range 

anxiety of EVs [45, 52, 82]. Operation as a zero emissions vehicle identifies the potential for 
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fuel cell vehicles to compete with conventional vehicles and steer away from fossil fuel in 

transportation.  

Fuel Cells 

The most suitable type of fuel cell for an ESV is the proton exchange membrane fuel cell 

(PEMFC) [19]. The conversion efficiency of the PEMFC in converting hydrogen to 

electrical energy is greater than 60% [83-85], identifying the fuel cell as a more efficient 

alternative to the ICE during driving. For the PEMFC the by-product for on-board 

consumption of stored hydrogen is water and as discussed above labels the fuel cell vehicle a 

zero emissions vehicle. And as mentioned, the fuel cell vehicle has higher energy density in 

hydrogen stores than battery technology at present. These advantages identify the potential 

for the fuel cell vehicle to replace the conventional vehicle [1, 6, 19, 20, 83-85]. There is, 

however, concern for the use of fuel cells in vehicles with a number of issues needing to be 

solved before fuel cell vehicles make it as a dominant commercial vehicle.   

Concerns for Fuel Cell Vehicles  

These concerns relate to the energy efficiency, production and storage of hydrogen and the 

overall performance of the vehicle. Firstly, to produce 1 kg of hydrogen from the electrolysis 

of 9 kg of water, 55 kWh of energy is needed [6]. Considering the Gibb’s free energy of 

hydrogen gas (H2 gas) this equates to almost 33 kWh of energy stored in 1 kg of hydrogen 

[23]. Meaning that electrolysis has an efficiency of nearly 60%, combining this with the 

average efficiency of the fuel cell (60% as identified above), the overall efficiency of the fuel 

cell using stored hydrogen is reduced to 36 %. Bossel in [6] argues that once you factor in 

the electricity transmission and distribution losses the average fuel cell vehicle efficiency 

would be less than 25%. This efficiency is better than the ICE used in conventional vehicles 

at less than 20% on average however with the combined use of ICE and ESS in HEV there is 

concern as to why fuel cell vehicles are needed [6, 20]. 

From the performance perspective of fuel cell vehicles the fuel cell needs to provide the 

average power for normal driving. This makes the average fuel cell power level smaller than 

the average ICE power size and limits the potential power at the wheels of the vehicle. In 

turn this means slower acceleration times for fuel cell vehicles as opposed to the 

conventional vehicle. According to studies completed by S.S. Williamson the fuel cell 

vehicle has a lower fuel economy than today’s equivalent HEVs indicating that fuel cells 

will consume more energy [7, 55]. Finally, the infrastructure to support fuel cell vehicles  is 

non-existent identifying a significant drawback in a plan to transition from conventional 

vehicles to fuel cell vehicles [19]. For example there is a much larger capital cost involved 

with installing hydrogen fuel stations to support fuel cell vehicles at the bowser as compared 
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with the existing gasoline and diesel bowsers to support HEV or PHEV [1, 6]. Alternatively 

fuel cell vehicles must utilise ESS to aid with transient drive loads and thus any 

infrastructure required to support the charging of EVs, HEVs or PHEVs will inevitably be 

required for fuel cell vehicles leaving fuel cell vehicles as an unrealistic option in the short 

term for transitioning to sustainable vehicles. The outlook for fuel cell vehicles is promising, 

however, that is the underlying argument of most researchers; that fuel cells are a future 

endeavour having many issues to solve before providing a competitive alternative to 

conventional vehicles [4, 5, 73, 86, 87]. In the meantime HEV and PHEV are suitable 

candidates. 

2.2.4 Hybrid Electric Vehicle 

 

Figure 2.4 - HEV, identifying main components from both stored energy forms to 

driven wheels. Arrows indicate energy flow between components. 

Powertrain 

An HEV is determined from the combination of two power sources working to achieve the 

demands of a drivetrain on a given vehicle. The two power sources are typically an ICE and 

an ESS combined with a M/G. These two power sources have the option to operate together 

or separately in order to satisfy the power demands of the drivetrain [4]. There are a number 

of different configurations that fall into the category of HEV. The various configurations of 

HEV are identified in Section 2.3.  Figure 2.4 serves to identify the main components 

inherent on a HEV and the energy flow between these components. The configuration 

influences the energy flow between the components however energy flow at any given time 

is further explained using modes of operation as in Section 2.2.6.  

HEV Performance 

The overall performance of HEVs varies in a number of ways to the aforementioned 

vehicles. In comparison to the conventional vehicle, the ICE of HEVs are smaller since the 

ICE is generally operated to supply average power demand at higher operating efficiencies 

during normal driving [33, 88]. The M/G is utilised as the transient power device, balancing 
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the load requirements such that the ICE operates near constant demand [61]. The presence of 

the M/G and ESS also allows the ICE to be switched on and off as needed during normal 

driving relying on stored energy from the ESS. The ESS of HEV is typically a battery bank 

[32, 61, 89-91].  

Charge depletion of the ESS [92], occurs during low power level requests from the vehicle 

such that the ICE would otherwise consume excessive amounts of fuel compared to the 

output power [11, 32, 93]. Once the ESS has depleted to some low SOC, the ICE is switched 

on to maintain a minimum SOC. Alternatively the ESS is charged to a high SOC level before 

the ICE is again switched off [94]. Such intermittent operation of the ICE leads to improved 

fuel economy as opposed to operating the ICE for all driving demands [8, 11, 41]. This type 

of control for the HEV is known as a charge depletion/charge sustenance strategy and is 

discussed further in Chapter 4. Due to this constant charge and discharge of the ESS, the 

total energy rating of the ESS is much larger than the permissible energy requirements for 

driving [20]. This allows the ESS to operate within a small SOC region and increases the life 

expectancy of the battery bank [60]. This SOC region is normally 5 to 10% of the total SOC 

of the battery maximising the life cycle the battery bank will have [20]. Battery life cycles 

are explained further in Section 2.2.2, which discusses the use of ESS in EVs. 

An advantage for the transportation industry in transitioning from conventional vehicles to 

HEVs is that it does not require a complete overhaul of the current manufacturing 

procedures. This extends from the fact that the HEV incorporates the ICE, and rather than 

completely redesigning and developing infrastructure to support fuel cell vehicles [19], 

HEVs offer the potential for continuing to utilise existing infrastructure. A potential solution 

is to combine two existing industries, namely electricity and transportation [1]. In addition, 

research has shown that conventional vehicles have the potential for conversion to HEVs 

such that fuel consumption is reduced on existing commercial vehicles [1, 9, 95]. The 

conversion of conventional vehicles to HEVs ensures utilising the otherwise redundant ICE, 

by integrating a M/G into the drivetrain to help balance load requirements and reduce the 

transient loading of ICEs [5]. Rather than developing a completely new method for 

transportation, research is leaning towards transitioning into an alternative form of 

transportation; HEVs offer a pathway to transition to sustainable transportation [70]. 
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2.2.5 Plug-in Hybrid Electric Vehicle 

 

Figure 2.5 - PHEV, identifying main components from both stored energy forms to 

driven wheels. Arrows indicate energy flow between components. 

Powertrain 

Having the same components as the HEV, the PHEV includes a much larger ESS and the 

capability for charging the ESS from the grid. Dependent on the drive criterion for the PHEV 

there is the option to make use of an all-electric range. The all-electric range allows the 

PHEV to operate as a zero emissions vehicle similar to the EV and fuel cell vehicle for 

distances up to 60 km [96]. Once the excess stored energy in the larger ESS is depleted the 

vehicle will enter a mode of operation similar to the typical HEV [41]. The period of all-

electric range is a longer duration of charge depletion since the ESS has a greater amount of 

energy stored [33].  

Rather than discharging the battery bank continuously the ICE can switch on in order to 

maintain the SOC during charge depletion. This mode of operation is known as blended 

charge depletion [33, 89]. Blended charge depletion allows for high efficiency operation of 

the ICE during periods of high average power demand, while the ESS and M/G supply small 

transients and low average power demands [11]. The aim for blended charge depletion is to 

maintain the ESS SOC until the end of a given drive period. In the event that the SOC 

reaches some low limit the PHEV will enter charge sustenance mode of operation to 

maintain the SOC. The decision of when to utilise fossil energy or stored energy in such 

cases is one of the more challenging problems in fuel consumption reduction of PHEV. 

PHEV Performance 

The performance of PHEV with regards to the HEV (Section 2.2.4) is dependent on the all-

electric range available to the driver. A study completed by Wirasingha et al in [7], 

determines that PHEV if utilised to their full potential have the ability to conserve fuel 

almost as much as EVs. In addition, the driver is not limited by the EVs range anxiety as 

mentioned in Section 2.2.2. The greater the drive distance required (relative to the size of the 
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ESS) from the PHEV, however, the higher the average fuel consumption becomes [7]. This 

is where control of PHEV and HEV is paramount. PHEV control strategies are evolving to 

accommodate more precise energy requirements for the everyday driver’s needs. With the 

aid of trip based information and studies for varying driver scenarios PHEV are showing 

promising reductions in fuel consumption (L/100km). Until ESS energy density is capable of 

competing with the energy density of fossil fuels, HEV and PHEV will provide the pathway 

for achieving reduced reliance on fossil energy resources. In addition to the description of 

the available ESV, a simple investigation based on the tank to wheels [7] approach is 

considered in the next Section. 

2.2.6 Modes of Operation 

Firstly the modes of operation are identified using the HEV components identified in Figure 

2.4, followed by a description of the modes of operation that exist in the five vehicle 

categories previously discussed. This Section serves to identify the energy paths available to 

the ESVs as a means for evaluating the vehicle topologies that have the most potential for 

improving the outlook of the transportation industry. This analysis is in addition to the 

comments previous made for each vehicle and also helps to introduce the typical operations 

expected in each ESV. 

Mode 1 – ICE Only Operation  

 

Figure 2.6 – Mode 1: ICE only. 

Similar to the conventional vehicle identified above the ICE alone mode of operation 

observes all drivetrain and accessory load requirements being supplied by the ICE. 

Decoupling of the M/G from the drivetrain using a clutch will ensure fewer inertial losses for 

this mode of operation. In the case that there is no clutch present, simply reducing the 

excitation field of the M/G to zero (controlling the voltage or frequency) ensures that no 

power flow occurs in the M/G [97]. Power flow during this mode of operation is 

unidirectional such that fossil fuel is consumed in order to propel the vehicle along the road. 

Load power is met as follows: 
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dt

dE
P

f

etdL        (2.1) 

where PL is the load power required, and dEf is the energy in the fuel that is fed into the ICE 

over some time period (dt). Observing the mode of operation in the form of equation 2.1 

allows for the identification of the efficiency of each component; including the ICE (ηe), 

transmission (ηt) and final drive (ηd). This driving mode is the least desirable since 

efficiencies for converting chemical energy to mechanical energy in the ICE (i.e. ηe) are low.  

Mode 2 – Electric Only Operation 

 

Figure 2.7 – Mode 2: Electric only. 

On the other hand electric only mode of operation observes the ESS supplying energy to the 

M/G for satisfying the drivetrain and accessory load requirements. This is referred to as 

motoring only in literature since power flows from the ESS to the driven wheels [4, 5]. If 

there is sufficient energy remaining in the ESS this is the most desirable driving mode since 

the vehicle does not consume any fossil fuel and therefore operates as a zero emissions 

vehicle. Load is satisfied according to: 

dt

dE
P ess

disgmtdL  /      (2.2) 

where dEess is the energy drawn from the battery over some small time period (dt). In 

addition to the mechanical losses of the drivetrain (ηt and ηd) observed previously there are 

electrical losses in the M/G (ηm/g) and ESS (ηdis). ηdis represents the discharge losses of the 

ESS. This mode of operation usually occurs during low vehicle speeds and low transient 

power levels [32, 74, 98].  
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Mode 3 – Hybrid Operation 

 

Figure 2.8 – Mode 3: Hybrid. 

The hybrid mode of operation for the HEV observes partial power requirements being 

supplied from both the ICE and M/G to meet the load demand. The reason for entering 

hybrid mode is to satisfy high load demands at better efficiency levels for the ICE, thereby 

reducing the fuel consumption of the vehicle [8, 11, 99]. Load is satisfied according to: 











dt

dE

dt

dE
P ess

disgm

f

etdL  /      (2.3) 

Equation 2.3 implies that load power for this mode of operation is a combination of the fuel 

energy and battery energy at a given moment of time. The control strategy utilised by the 

vehicle determines the amount of energy to be supplied from each energy source [5]. 

Mode 4 – Charging On-The-Go Operation 

 

Figure 2.9 – Mode 4: Charging on-the-go. 

As mentioned previously if the SOC of the ESS falls below some low limit the ICE is 

required to maintain this minimum SOC by generating additional power to be absorbed by 

the ESS. Alternatively the aim is to recharge the ESS to a defined SOC.  The M/G now 

operates as a generator drawing power from the mechanical coupling with the requested load 

power being: 
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/       (2.4) 

Energy drawn from the mechanical coupling includes the energy required to charge the ESS 

plus the losses in transferring the energy from the mechanical coupling to the ESS. Losses in 

transferring energy to the ESS include the M/G generating losses (1/ηm/g) and the ESS 

charging losses (1/ηchg).  

Mode 5 – Stationary Charging Operation 

 

Figure 2.10 – Mode 5: Stationary charging. 

HEV not having the luxury of connecting the ESS to the grid have a charging mode while 

the vehicle is not in drive mode. Making use of the ICE as a fossil fuel power generator in 

combination with the M/G the ESS is charged with no power transferred to the drivetrain. 

This form of charging allows the ICE to operate at its most efficient point of operation 

during charging since the load speed is determined by the M/G.  

dt

dE

dt

dE
P ess

chggm

f

eL

11

/;0       (2.5) 

Equation 2.5 indicates that power generated from the ICE is equal to the power sent to the 

M/G, with the load power equal to zero. 

Mode 6 – Regenerative Braking Operation 

 

Figure 2.11 - Mode 6: Regenerative braking. 
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During normal braking the driver pushes the brake pedal which activates the mechanical 

brakes of each wheel. The momentum of the vehicle is expended as waste heat by applying 

the brake pads to rotor discs that are connected to the drive axle slowing the vehicle. 

Alternatively, disconnecting the ICE from the drivetrain and applying a negative torque to 

the M/G allows the energy stored in the vehicle’s momentum to be absorbed by the ESS. The 

load power is thereby equal to:  

dt

dE
P ess

chggmtdL

11

/

11        (2.6) 

Equation 2.6 indicates that the wheels become the source during regenerative braking and 

the ESS is the load absorbing energy from the wheels. The rate of deceleration required from 

the vehicle determines how much of the vehicle’s momentum is regenerated and stored in 

the ESS. If the required deceleration rate is high the M/G will not be able to absorb all of the 

energy, since it is limited by the maximum generating torque. In the case of high rates of 

deceleration the mechanical brakes are activated aiding the M/G with reducing the vehicle’s 

speed. This leads to the inclusion of a mechanical braking component added to equation 2.6: 

brake
ess

chggmtdL P
dt

dE
P   11

/

11      (2.7) 

Mechanical braking is identified in equation 2.7 by Pbrake at the wheels of the vehicle in 

Figure 2.11. 

The modes of operation identified above define the expected interaction of powertrain and 

drivetrain components inherent in HEV and PHEV. In addition, these modes of operation 

highlight the main objectives an EMS controller aims to achieve throughout driving. The 

resulting performance of these modes of operation is influenced by the components included 

on a topology and the existing connections between them. Through examining the general 

vehicle configurations for HEV and PHEV further advantages and disadvantages for EMS 

control are revealed.  

2.3 Vehicle Configurations 

There are a number of variations that exist for HEV and PHEV configurations [5], this 

Section aims to identify the basis for distinguishing between them. A vehicle’s configuration 

varies with component size, selection and connections. The means for distinguishing 

between each of the configurations is how the power sources and driven wheels of the 

vehicle interact [4]. There are two main types of connections that exist between the power 

sources and driven wheels of PHEV and HEV.  These include mechanical and electrical 

connections [8]. Of the various configurations that exist in literature for PHEV and HEV, 
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there are three classes [4, 5, 7-17]. The three classes are series, parallel and power-split (also 

referred to as series-parallel [5, 93, 100]) configurations. For each case the inclusion of the 

transparent ‘Charger’ block in Figure 2.12, Figure 2.13 and Figure 2.14 identifies that each 

topology applies to both PHEV and HEV. The combination of mechanical and electrical 

connections determines which class a configuration falls into. 

2.3.1 Series Configuration 

 

Figure 2.12 - Series PHEV and HEV configuration. 

The series configuration includes two M/Gs, between the ICE and the driven wheels [101]. 

Referring to Figure 2.12, M/G1 operates as a generator converting the ICE mechanical 

energy to electrical energy for storage in the ESS or for direct supply of the driver’s power 

request [13]. M/G2 acts as the means to meet the load, and therefore determines the 

performance of the vehicle [12]. The series configuration is described as an electrical 

coupling since the ICE is indirectly coupled to the drivetrain [102, 103]. The use of M/G2 to 

supply the drivetrain load reduces the need for gear ratios, since the torque and speed ranges 

of M/Gs are flexible and the average efficiency of the devices are high [6]. The main 

advantage of this topology is the indirect supply of power from the ICE to the drivetrain. 

This ensures that the ICE operates at peak efficiency regardless of the speed of the vehicle 

[14].  

On the other hand the transfer of energy from mechanical (output from ICE) to electrical and 

then to mechanical (drivetrain) again increases the losses of the whole system [7]. The 

benefit seen from operating the ICE at peak efficiency is limited by the losses experienced in 

the energy conversion process (mechanical to electrical to mechanical) [73]. The aim for the 

series configuration is to minimise electrical losses while meeting the desired load. This is 

achieved through optimising the efficiency of operation of the M/Gs [53]. The parallel 

configuration in comparison to the series has complementary performance attributes.   
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2.3.2 Parallel Configuration 

 

Figure 2.13 - Parallel PHEV and HEV configuration 

The complementary performance qualities mentioned above identify that the parallel 

configuration is equal but opposite to the series configuration. Figure 2.13 identifies the main 

connections of a parallel configuration. The parallel configuration is described as having a 

mechanical coupling which is a direct connection of the ICE to the drivetrain [76, 104]. The 

direct connection of the ICE to the drivetrain ensures minimal losses due to energy 

conversion [11]. The mechanical coupling between the ICE and M/G1 allows for charging of 

the ESS however energy from the ICE does not have to pass through the electrical network 

in order to satisfy the driver’s requested power [9]. There is greater flexibility in the control 

of the power devices; the controller has the choice of satisfying the load with the ICE or 

from M/G1. The energy management problem must be solved by optimising the use of 

stored energy and fossil fuel energy. 

There is concern however, for the restricted operating conditions of the ICE [10]. The direct 

coupling to the drivetrain means that the ICE operating speed is proportional to the speed of 

the driven wheels [93]. The use of the transmission aids with improving the flexibility of the 

ICE operating speed however the resulting fuel consumption reduction is minimal [46]. In 

contrast to the series configuration the parallel configuration must minimise ICE losses 

through effective use of the ESS [5]. These concerns are seemingly addressed by the third 

vehicle configuration known as the power-split topology. 
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2.3.3 Power-Split Configuration 

 

Figure 2.14 - Power-split PHEV and HEV configuration. 

The power-split configuration in comparison to both the aforementioned configurations has 

all of the advantages and none of the disadvantages. There is however, added complexity in 

control and increased capital costs [15]. Referring to Figure 2.14, the power-split 

configuration utilises a PGS to couple the two M/Gs with the ICE [5]. By connecting all 

three devices to the one mechanical coupling the power-split topology has the option of 

operating the ICE at a particular speed or transferring energy directly to the driven wheels 

from the ICE [4]. This means that the ICE is not restricted by the speed of the driven wheels 

as in the case of the parallel configuration [16]. In addition, the losses incurred by energy 

conversion as seen in the series configuration are avoided [17].  

The optimal control strategy employed requires the controller to select the energy path with 

the least losses at any given moment. The combined M/Gs in the power-split configuration 

are also referred to as an electric variable transmission [93]. The electric variable 

transmission is the same as the electrical coupling of the series configuration [34], and in 

some cases is combined as a single transmission for space saving in the drivetrain [100]. The 

electric variable transmission allows the ICE to operate at infinite speed ratios with respect 

to the driven wheels [100]. With this improved flexibility (using the electric variable 

transmission) in the ICE operating conditions, the controller is able to operate the ICE near 

peak efficiency [105]. The concern for the electric variable transmission is that it leads to 

increased losses similar to the series configuration. Use of this energy path must be 

compared against the efficiency for operating with the ICE coupled directly to the drivetrain.  
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2.3.4 Mechanical Coupling Modes of Operation 

For the parallel and power-split configurations with the mechanical couplings there are 

additional modes of operation to those discussed in Section 2.2.6. These additional modes of 

operation as featured in [5], are determined by the mechanical coupling device inherent on 

the vehicle. Generally there are three modes of operation achieved using the mechanical 

coupling including torque coupling, speed coupling and torque-speed coupling. An example 

of such a device is the PGS identified in the previous Section. These three modes of coupling 

determine how the torque and speed relationships occur between the ICE and M/G to meet 

the load requirements.  

 

Figure 2.15 - Mechanical coupling device. 

Figure 2.15 identifies the torque and speed signals experienced by the typical mechanical 

coupling, combining torque and speed of the ICE (Te, ωe) and M/G (Tm/g, ωm/g) to meet the 

demands of the drivetrain (TL, ωL). The common relationship for the various types of 

mechanical couplings is therefore the balancing of power from the ICE and M/G.  

gmgmeeLL TTT //       (2.8) 

Equation 2.8 must hold for the system to remain stable. This Section aims to identify the 

mechanical coupling modes of operation to introduce the flexibility in control for the parallel 

and power-split configurations; which adds to the reasons why the power-split is the 

preferred HEV and PHEV configuration.  

Torque Coupling 

A mechanical coupling typically operates in torque coupling mode for use in the parallel 

configuration since torque from both the M/G and ICE is combined to meet the drivetrain 

load torque requested [46]. The downsized ICE and the similar sized M/G need to produce 

torques that meet the same magnitude expected from the conventional vehicle having a large 

ICE. The use of the torque coupling device therefore allows the torque experienced at the 

wheels of the HEV or PHEV to match that of the conventional vehicle [10]. With reference 

to the signals of Figure 2.15 the torque coupling can be expressed as: 

gmeL TkTkT /21       (2.9) 
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Equation 2.9 determines that the load torque (TL) is a combination of the ICE torque (Te) and 

M/G torque (Tm/g), with respect to the constant gear ratios at port 1 (k1) and port 2 (k2). It then 

follows that since the power balance of the torque coupling needs to agree with equation 2.8 

that the speed relationship is determined as: 

2

/

1 kk

gme
L


       (2.10) 

Speed Coupling 

The alternative mechanical coupling mode is speed coupling. With reference to Figure 2.15, 

this type of mechanical coupling observes the summation of speeds of the ICE and M/G 

according to: 

gmeL kk /21        (2.11) 

Again, due to the constraints of equation 2.8 the torques experienced by the system are: 
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An example of the speed coupling device is the PGS with the carrier gear (yoke) held to the 

stationary frame [5]. Equation 2.11 indicates that the load power is now dependent on the 

varying speeds of the powertrain components connected to ports 1 and 2 in Figure 2.15. 

Generally the M/G speed will vary according to the required power requested from the 

drivetrain in order to allow the ICE to supply the requested power at optimal efficiency. This 

speed coupling is described as VSC in Section 4.3.2. 

Torque-Speed Coupling 

A mechanical coupling device that allows both torque and speed coupling as described above 

ensures that the energy management controller has the option to select between the two. The 

PGS as mentioned above has the ability for both torque and speed coupling and while it is 

possible in the parallel configuration, this method for control has been designed as a result of 

the required operation of the power-split configuration [100]. A typical example for 

alternating between the two mechanical coupling modes is utilising torque coupling during 

high acceleration where high torques are required. This would then be followed by speed 

coupling during cruising at high speeds allowing the ICE to operate within its optimal speed 

envelope [32]. In the case of the power-split configuration M/G1 operates in speed coupling 

mode with the ICE, while M/G2 operates in torque coupling mode allowing for increased 

control flexibility. The use of the PGS in power-split configurations from the perspective of 

performance supports the selection of the power-split configuration when comparing ESVs.  
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2.4 Energy Smart Vehicle Performance 

2.4.1 Measuring Performance in Vehicles 

The main quantities representing the performance of ESVs as identified by a number of 

research papers and the underlying government bodies is the acceleration performance, fuel 

consumption and emissions production [8, 11, 26, 33, 38, 60, 106-108]. More recently 

efficiency of operation, drivability and noise, vibration and harshness have played a role in 

the performance analysis of vehicles in order to provide a thorough examination [38]. The 

main focus for the performance analysis of the ESV featured in this thesis is on the fuel 

consumption, efficiency of operation and drivability. Noise, vibration and harshness and 

emissions are excluded for reasons identified in this Section. 

Firstly noise, vibration and harshness are typically independently controlled variables for 

ICE [109], drivetrain, suspension [110] and wheel [111] stability and can be mitigated 

through the use of mechanical dampeners or constraints placed on the operation of such 

devices. The extent to which noise, vibration and harshness are applied to the ESV featured 

in the studies included in this thesis is through constraints such as gear change delays, ICE 

speed and torque delays, rotational inertia, a minimum ICE shut off cool down time and a 

slip for the clutch engaging and disengaging as operational requirements vary over a drive 

cycle [49]. Secondly emissions considerations of PHEV and HEV in simulation packages 

using look-up tables such as those used in ADVISOR underestimate emissions as much as 

15% when compared against emissions of real-world experiments [108]. This error in 

estimating the emissions is due to low torque and speed requests from the ICE at low vehicle 

speed. One of the main aims of the two controllers proposed in this thesis is to avoid such 

low torque and speed operation resulting in improved fuel consumption. Therefore, the 

proposed controller will potentially reduce emissions as well [108]. Alternatively a reduction 

in the fuel consumption corresponds to a reduction in the carbon emissions [8] and thus any 

fuel savings resulting from the designed controllers are expected to have a proportional 

reduction in emissions. 

For the purpose of attracting consumers to their products, car manufacturers utilise the fuel 

consumption and acceleration performance of passenger vehicles. The acceleration 

performance is the time taken in seconds for a vehicle to accelerate from 0 to 100 km/h as 

defined by organisations such as the Partnership for New Generation Vehicles and 

Environmental Protection Agency. Alternatively, fuel consumption in litres per one-hundred 

kilometres (L/100km) as referred to in Australia, is known as fuel economy in miles per 

gallon (mpg) in countries such as the US [43]. This demonstrates the average performance 

consumers should expect to yield, however, studies completed by the Environmental 
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Protection Agency demonstrate that the majority of car manufacturers provide unrealistic 

fuel consumption values [43]. Finally the quantities identified for analysing the drivability of 

vehicles include the total number of ICE and gear shift events of a vehicle such as the study 

completed in [38]. This study in particular offers a comparison for varying the total number 

of ICE or gear shift events during driving and the impact it may have on the final fuel 

consumption. Fuel consumption, overall efficiency, acceleration performance and drivability 

are discussed in Chapter 4 with respect to the operation of the developed high efficiency 

controller. The following Section however refers to the fuel consumption of existing vehicles 

to identify a bench mark for the expected performance of HEV and PHEV. 

2.4.2 Existing Vehicle Configurations 

Performance wise the power-split configuration offers the best approach in comparison to 

the series and parallel configurations. The main issue with the power-split configuration at 

present is the high capital cost for consumers [8]. Alternatively parallel and series 

configurations are cheaper, however, fuel consumption reductions fail to meet the high 

expectations set by power-split configurations [1]. The parallel configuration performs better 

during highway driving, while the series configuration is more suitable for city driving [4]. 

To provide the reader with an overview on the performance of the mentioned vehicle 

configurations, some existing ESVs are referred to. Figure 2.16 identifies the fuel 

consumption reported by the US, Environmental Protection Agency [43] for the example 

HEVs and PHEVs. 

 

Figure 2.16 - Environmental Protection Agency reported fuel consumption for city, 

highway and combined driving scenarios [43]. 
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Chevrolet Volt 

The Chevrolet Volt is given the term extended range electric vehicle [112]. The Chevrolet 

Volt is equivalent to the Holden Volt released in Australia [113]. In light of the three vehicle 

classes identified above the extended range electric vehicle is a series configuration with an 

ESS large enough for the vehicle to be considered a PHEV [114]. The appeal of this type of 

vehicle for consumers is that it eliminates the range anxiety associated with the EV [115]. 

The extended range electric vehicle allows the vehicle to operate as an EV for a range up to 

61 km (38 miles) before resorting to fossil fuel energy to maintain the ESS SOC [96]. The 

full driving range of the Chevrolet Volt is estimated at 611 km (380 miles) when relying on 

gasoline [96]. This makes the extended range electric vehicle suitable for city driving 

scenarios where a round trip observes the vehicle operating as an EV. With the continued use 

as an EV the Chevrolet Volt has the potential for significantly large fuel and emissions 

savings. The fuel consumption shown in Figure 2.16, is for the Chevrolet Volt operating as a 

HEV over longer trips where the all-electric range has been consumed.  

Honda CR-Z 

The first consideration for the parallel configuration here is the direct (inline) connection of 

the ICE and M/G found in the Honda CR-Z. This connection is referred to as integrated 

motor assist (IMA) and is unique to the Honda range of hybrids [116]. The Honda CR-Z 

includes a M/G with a power rating of 10 kW, which is low in comparison to other hybrid 

brands [43]. This low power rating (for the M/G) limits the potential for fuel consumption 

reduction [43], however the result is a cost effective alternative to the conventionally driven 

vehicle [117]. The limited fuel consumption reduction is evident in Figure 2.16, since the 

reported fuel consumption is similar to the Hyundai Sonata Hybrid which is nearly 400 kg 

heavier than the Honda CR-Z [118]. The Honda CR-Z is a light weight vehicle yet performs 

similarly to the mid-sized hybrid vehicles. 

Hyundai Sonata Hybrid 

Although it falls into the category of a power-split configuration the Hyundai Sonata Hybrid 

is more like a parallel configuration. The vehicle features an 8 kW integrated starter 

generator (ISG) combined with a 30 kW M/G [119]. The ISG is directly coupled to the ICE 

for starting and ESS charging; providing a constant charge to the ESS when the ICE is on. 

The coupling of the ISG to the ICE in this case does not offer the same flexibility in control 

as described for the power-split topology. For example the ISG is not large enough to work 

with the M/G as an electric variable transmission [5]. The M/G is coupled in parallel to the 

ICE such that the control system can alternate between each power source as required. These 

are the reasons the Hyundai Sonata Hybrid is considered a parallel configuration [119]. 
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Having the larger M/G by comparison to the Honda CR-Z the fuel consumption reduction 

benefits are greater [43].  

Toyota Prius 

The Hybrid Synergy Drive (or Toyota Hybrid System) developed by Toyota for their range 

of hybrid vehicles refers to the power-split configuration as described in Section 2.3.3 [120]. 

The Prius has a smaller ESS compared with the Chevrolet Volt although it is unaffected by 

this restriction as shown by the reported fuel consumption of Figure 2.16. The standard Prius 

HEV does not offer an all-electric range like the Chevrolet Volt, however, there is another 

version of the Prius that does [121]. The all-electric range for the PHEV version of the Prius 

is up to 21 km which is not as appealing as the Chevrolet Volt, however, the reported fuel 

consumption is similar to that shown in Figure 2.16 [121]. Credit for the low fuel 

consumption of the Prius is given to the Hybrid Synergy Drive (i.e. the power-split 

configuration and control strategies utilised). From the available commercial vehicles it is 

evident that the power-split configuration has the best reported fuel consumption. This 

supports the consideration of power-split PHEV as studied in this thesis.  

2.5 Control Strategies 

The energy management problem for PHEV and HEV revolves around three main 

objectives; fuel consumption reduction, emissions reduction and energy conservation. This 

Section examines the control strategies associated with the hybrid electric and plug-in hybrid 

electric vehicles. With reference to the classification of control strategies identified by 

Wirasingha et al. [8], control strategies presented in literature are scrutinised from an 

analytical point of view. The four main categories include hybrid, multimode, rule-based 

blended and optimisation-based blended controllers. The following is a discussion of the 

classifications presented in [8] with reference to recent literature [5, 11, 20, 33, 34, 36, 47, 

52, 89, 93, 104, 122-136]. This discussion is formed on the basis of the author’s 

understanding of these control strategy classifications whereby [8] has been used as a guide. 

Due to the evolution of the control strategies from hybrid and multimode to the more recent 

rule-based blended and optimisation-based blended controllers examples provided also 

follow a chronological pattern.  

2.5.1 Hybrid 

The first control strategy for HEV was to operate in a hybrid mode all the time. This is 

similar to continuously operating in mode 3 described in Section 2.2.6. Simple control 

decisions are predetermined for the vehicles operation leading to a reduction in the fuel 

consumption. This type of control strategy does not take full advantage of the potential fuel 

savings of HEV and is featured in earlier versions of the hybrid vehicles [5, 125, 126]. 
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Reference [126] discusses limiting the ICE to a speed range so that higher efficiencies of 

operation occur during driving, maintaining the ESS SOC while utilising the M/G as the 

main propulsion device.  

2.5.2 Multimode 

The multimode control strategy determines switching between electric only, conventional 

only and hybrid modes of operation. In effect it is the action of transitioning between modes 

1 to 6 identified in Section 2.2.6 to achieve simple objectives. An example of the multimode 

is the operation of PHEV in electric only mode until the all-electric range (Sections 2.2.2 and 

2.2.5) of the ESS has been consumed then switching to charging mode to maintain the SOC 

[20, 122]. There are three main objectives considered for this transition between modes of 

operation these include charge depletion, charge sustenance and a combination of charge 

depletion and charge sustenance [33, 127]. Depending on which of these objectives the 

multimode controller is aiming to achieve is the selected mode from Section 2.2.6 [5]. This 

type of control strategy forms the foundations for rule-base blended and optimisation-based 

blended control since each of these strategies can be added to multimode controllers for 

improved operating performance.  

2.5.3 Rule-based Blended 

Evolving from the multimode control strategy the rule based blended controller achieves an 

overlap of the 6 modes defined in Section 2.2.6. This is achieved such that the EMS 

controller selects the best energy path (electrical or mechanical) to satisfy current load 

requests as opposed to selecting the modes of operation. This type of rule-based blended 

controller is identified as deterministic [8]. In addition the rule-based blended control 

introduces multi-variable input algorithms allowing for a larger scope of inputs and therefore 

flexibility in control. This type of control is achieved using fuzzy logic controllers [8], due to 

the larger range of predetermined solutions available which can be selected based on a 

varying number of conditions. These conditions are received via sensors as inputs to the 

EMS controller for determining the best action to take and improve the energy utilisation of 

the vehicle.  

There are a number of rule-based blended controllers available in literature, each 

determining the optimal operation from the predefined operating modes or conditions. Pisu 

et al. [36] discusses the finite state machine approach to energy management. This type of 

control strategy selects the optimal energy path based on event-triggered rules. The authors 

of [104] describe a similar controller to that featured in [36], however, the paper focuses on 

minimal ICE operation. The ICE is operated at maximum power while the M/G balances 

with the drivetrain load demand. References [93] and [128] provide a set of rules for inputs 
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(such as ICE torque, M/G torque etc.) to determine the best energy path for satisfying the 

requested load, as mentioned such controllers while having lower fuel consumption than 

conventional vehicles, do not take full advantage of the HEV operating potential. Zhang et al 

[41] and Jeongmin et al [34] develop predefined rules that are evaluated in an if-then manner 

to determine the optimal propulsion requirements from the ICE and M/G. Deterministic rule-

based blended controllers while performing better than hybrid and multimode control 

strategies still lack the ability to provide an optimal solution for varying drive conditions and 

thus greater complexity of rule-based controllers is investigated. 

Fuzzy rule-based blended controllers are developed offline and provide a range of options 

for interpreting and meeting driver requests. An advantage for fuzzy logic control in 

comparison to the determined rule based blended controller is that multiple inputs can be 

processed in a short period of time [129]. The fuzzy logic controllers therefore improve the 

performance of the vehicle with little increase to computational requirements. For this reason 

fuzzy logic has been utilised for local control in combination with global optimisation since 

a range of options are available to tweak performance with little interference to other 

components integrated on the vehicle [129, 130]. This capability extends from the fact that 

once the global optimisation has been achieved local controllers have a limited amount of 

time to achieve the set tasks. This means that some components will be restricted by their 

operating limitations which must be considered in the optimisation. Fuzzy controllers are, 

however, predefined over known drive cycles such that limited optimisation is achieved. 

2.5.4 Optimisation-based Blended 

Optimisation-based blended controllers rely on mathematical means to determine an optimal 

solution to the whole system. This optimal solution resulting from such control has either 

maximum benefit or minimum cost to the operation of the system [11, 26, 33, 38, 41, 137, 

138]. Common goals for optimisation include energy conservation, fuel consumption 

minimisation, and greenhouse gas emissions reduction [11, 26, 32, 38]. In addition, 

optimisation of drivability factors such as ICE on/off and gear shifts of fixed gear 

transmissions are featured [32, 38, 74, 139, 140]. The more appealing optimisation-based 

blended controllers analyse instantaneous information to determine a unique solution to 

current load requirements [122, 136, 141, 142]. This type of controller has in built 

performance maps or cost functions that allocate particular importance to drivetrain 

components. Other controllers are trained according to varying conditions allowing for a 

number of optimal solutions that have no apparent relationship [110, 143, 144]. These types 

of controllers utilise artificial intelligence such as neural networks [135, 143], genetic 

algorithms [145] or particle swarm optimisation. The issue with these types of controllers is 

that they require a substantial amount of a priori knowledge of the drive scenario conditions 
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in order to make optimal energy management decisions. There are two types of optimisation-

based blended controllers as identified in [8], these include global optimisation and real-time 

optimisation. Global is also referred to as acausal optimisation and real-time is the same as 

causal optimisation.  

Global (acausal) optimisation is the amalgamation of multiple variables to determine the 

optimal operation of the combined system. The variables considered are not directly related, 

however, the rules or cost function developed provide the necessary connections. These rules 

or equations represent the whole system and are developed offline to provide the EMS with 

the required information to determine the global optimum; an example of this process is 

linear programming [8]. In addition those controllers utilising some form of artificial 

intelligence are also categorised as global optimisation controllers since training of these 

control strategies results with the best performance of the whole system.  

On the other hand real-time optimisation incorporates past information to determine a cost or 

objective function which is updated on-the-go. By recording information during operation of 

the system the optimisation process is modified to improve future driving performance. Due 

to this recording of information and therefore the use of past information to determine 

optimal operation, real-time optimisation controllers are referred to as causal systems [38, 

146]. Real-time optimisation identifies direct relationships among components for 

continuous optimal operation. The relationships developed for optimisation in this type of 

controller are continuous cost or objective functions relating at least two components of the 

vehicle to identify an optimal solution. Real-time optimisation relies on the accurate 

modelling or mathematical representation of components in order to achieve best results. 

Operations resulting from the controllers that utilise such real-time optimisation generally 

have better performance in comparison to the alternatives.  

Optimisation-based blended controllers are therefore more complex than the aforementioned 

alternatives, however, the result is a far more superior performing EMS. The following 

identifies examples of the global optimisation and real-time optimisation controllers as found 

in literature. For a test bench in simulation a number of authors make use of dynamic 

programming [26, 33, 88, 122, 141, 147]. Dynamic programming determines the minimum 

energy consumed over a given drive period based on the defined operating decisions a 

controller is able to select from. This is an ideal scenario such that the controller is privy to 

future information and makes the optimal decision at any given time. Due to the unrealistic 

idealism of dynamic programming it is normally shown as the bench mark for comparison 

with a proposed controller. Dynamic programming therefore identifies the maximum benefit 

of a vehicle configuration with respect to any potential control strategy. Developed 

controllers are thereby compared against the defined optimal (i.e. dynamic programming) to 
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demonstrate a performance gap or as a performance target. The time taken to evaluate a 

dynamic programming optimisation is much greater than any permissible operating time a 

controller has during driving and thus dynamic programming is a theoretical approach to 

optimal control purely for analytical reasons.  

Reference [46] determines a global optimisation control strategy with the capability for 

investigating the effects of varying input considerations on the fuel consumption of HEVs. A 

cost function is determined that relates ICE torque, transmission gear selection and battery 

power consumption using Lagrangian multipliers. The Lagrangian multipliers determine 

varying levels of sensitivity in the cost function relative to the battery SOC and ICE torque. 

Using methods such as simulated annealing and dynamic programming to evaluate the cost 

function it is possible to test the varying use of fuel energy and stored energy. This 

evaluation in effect calibrates the cost function for real-time implementation. In addition, the 

authors identify that it is possible to apply this control strategy to a number of vehicle 

configurations. This highlights the use for global optimisation as a theoretical study, 

evaluating the performance of various PHEV and HEV.  

Reference [11] is an example of global optimisation as considered in the definition of 

acausal systems. The authors determine mathematical relationships among the ICE fuel 

consumption, losses in the electrical network and drive cycle power requirements as the 

means to minimise losses. This is then adapted to a probability density function that 

determines the expected power demand at any given time instant as a means to define the 

optimal ICE on/off power threshold for minimised system losses during blended charge 

depletion. Additionally, the authors of [33] define a cost function that is subject to the 

vehicle dynamical limitations. In forming the cost function, power supply is determined with 

propulsion device torques as the input variables and operating speeds as the state variables. 

Furthermore, the battery power is an input variable and the SOC is a state variable. The cost 

function in [33] is evaluated using a modified policy iteration method which is also 

integrated with a stochastic distribution of standardised drive cycles that help determine the 

optimal power supply to satisfy demand. The policy iteration method determines the cost of 

operating at an initial set of input conditions before re-evaluating the input conditions to 

determine if further minimisation of the cost function is possible. In completing the second 

step the controller then checks to see if the initial input conditions are within 1% of the re-

evaluated input conditions before terminating the policy iteration. It is noted in [33] that in 

order to achieve a solution within reasonable time there is a limit to the number of iterations 

evaluated. The authors of [33] demonstrate that while the total number of iterations is limited 

the designed controller achieves desired performance during realtime operation.  



Chapter Two: Literature Review 

43 

The stochastic analysis associated with both [11] and [33] initially utilises past statistics or 

models that represent expected operations of the PHEV and HEV control strategies. In the 

case of being determined offline such stochastic analysis improves the operation of global 

optimisation. In both cases the authors have identified that if the stochastic information is 

updated on-the-go then this would lead to real-time optimisation. This type of controller is 

sometimes referred to as adaptive real-time optimisation [47, 136, 141]. There is a similar 

controller presented in [132], that integrates a predictive reference signal for aided real-time 

control. The predictive reference signal is adapted to the SOC of the ESS using global 

positioning system (GPS) route information that anticipates future driving requirements and 

the potential for regenerative braking. Real-time optimisation is a common goal for control 

strategies in PHEV and HEV recently [8]. The motivation leading towards real-time 

optimisation according to the authors of [11, 33, 46, 132] is due to the complexity and 

computational requirements of global optimisation control strategies and therefore the 

limited ability for application in real-world controllers. 

The authors in [36] identify an adaptive-equivalent consumption minimisation strategy 

which like those mentioned previously introduces a predictive reference signal for on-the-go 

optimisation. An equivalence factor is utilised for determining the optimal power split 

between the ICE and M/G. The equivalence factor is also discussed in [132]. In order for the 

controller to have predictive qualities during operation the varying conditions of normal 

driving must be recorded and analysed on-the-go. The equivalence factor of the controller in 

[36] is determined by analysing past and future data values to achieve an average road load 

requirement over a pre-determined future time window.  This estimated future loading 

requirement aids the controller with energy management decisions and can be periodically 

refreshed. The authors of [36], highlight that without the predictive capabilities of the 

equivalence factor the optimisation in the equivalent consumption minimisation strategy 

alone may degrade the vehicle operation. A simple approach to selecting the equivalence 

factor is to optimise it for the performance over a given drive cycle. It then results that the 

objectives such as charge sustenance or fuel consumption reduction may not be met during 

other drive cycles. The advantage of such adaptive real-time optimisation is that the fuel 

consumption reductions are achieved without the need for a priori knowledge. 

Additionally, controllers that analyse trip based information are emerging for improved 

accuracy in energy management decisions [32, 52, 127]. Information such as trip distance, 

traffic conditions, vehicle speed limits, road types and elevation are considered in the 

analysis of the vehicles energy requirements. This is then adapted to the current load requests 

in order to prepare for expected load demands in the future driving conditions [107, 122, 

141, 142]. The outcome for including this information is reduced fuel consumption due to 
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the controller having the capability for making informed decisions, e.g. when to charge or 

discharge the ESS. This type of controller is generally given its own category as a predictive 

real-time controller since the applications are not limited to optimisation of recorded vehicle 

information which is the main approach to energy management in optimisation-based 

blended controllers. Predictive controllers are discussed further in Chapter 5. 

In the process of determining the best control strategy to utilise in the design of a PHEV and 

HEV classifying the control strategies helps discern expectations of performance. Rather 

than having the pre-defined modes of operation optimisation and rule-based blended 

controllers are leading into strategies that blend together as one mode of operation. This is 

more predominantly the case with optimisation based blended controllers, such that a cost 

function provides the basis for optimisation. These blended control strategies identify the 

unique solutions to the energy management problem as opposed to selecting a mode of 

operation that might be best suited at the time. As demonstrated above the most 

advantageous control strategies utilise real-time optimisation and in some cases adapting 

elements of predictive control. 

2.6 Sizing of Components 

Section 2.3 established the physical differences and general performance outcomes from 

utilising a particular vehicle configuration in the design of HEV and PHEV. In addition the 

modes of operation of Section 2.2.6 with the vehicle configurations of Section 2.3 identify 

the potential for improved fuel economy of the HEV and PHEV through considering the 

available energy paths. Here the expectations of such vehicle configurations are discussed 

through an example of sizing an experimental setup. This discussion aims to provide the link 

between the vehicle configuration and the control strategies employed and how component 

sizing has a large impact on the performance capabilities and therefore control requirements. 

Due to the constraints of the series and parallel configurations of Sections 2.3.1 and 2.3.2 

this sizing demonstration is applied to a power-split topology.   

Initially this investigation was for the design of a scaled experimental setup relative to the 

requirements for a test bench in this research program. In the consideration for a scaled 

version of a power-split PHEV the expectation was to minimise costs within a budget of 

AUD 15,000. Upon approaching a manufacturer of custom designed road vehicles the 

quoted build costs for the experimental setup exceeded the allocated budget. The allocated 

budget was enough to acquire the custom designed rolling chassis without the electric drive 

components and controllers. A list of components for the experimental setup outside of the 

rolling chassis is provided in appendix A.2. This investigation is included here as a means 
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for identifying important considerations in the process of designing an experimental setup 

and thereby the EMS.  

2.6.1 Experimental Setup 

Following the investigation into selecting an optimal ESV and the desired control strategy, 

literature surrounding the sizing of components aided with the consideration of a test bench. 

Selecting a power-split PHEV as the appropriate vehicle configuration the propulsion 

devices for an experimental setup are determined. In particular the 2 by 2 power-split PHEV 

is referred to as a means to simplify the mechanical connections of the drivetrain (also 

known as the dual drive HEV [94, 148, 149]). Figure 2.17 identifies the vehicle 

configuration for the experimental drivetrain. The ICE is coupled to a CVT located at the 

rear of the vehicle and motor/generator (M/G2) is coupled to the front wheels via a single 

gear transmission or differential. M/G1 acts as a generator for the majority of the time, while 

it has the potential to absorb negative transients from the rear axle during braking of the 

vehicle.  

The focus for the sizing was in the selection of the propulsion devices for the defined vehicle 

configuration. Power electronic converters (PECs) are selected based on the rated 

specifications, in particular output voltage of the ESS and the input voltage range of M/G1 

and M/G2, with consideration for the grid connection. The selection of these devices is not 

part of the scope of the study in this research program. The identification of the power 

electronic converters in Figure 2.17 is to demonstrate the potential number of power 

electronic converters required for this type of vehicle configuration and to plan for the 

associated costs.  

 

Figure 2.17 - Experimental setup considered in the initial stages of research program. 
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2.6.2 Powertrain Considerations 

Using a scaled standardised drive cycle the average power is to be satisfied using the ICE 

while the transient load requirement is satisfied using the ESS and M/G2 acting as a motor. 

The standardised drive cycle utilised is the new European drive cycle (NEDC). In an attempt 

to reduce the capital costs of propulsion devices a peak velocity of 60 km/h is considered. 

Following selection of the propulsion device power rating a 40 km/h reduced maximum of 

the NEDC is selected for sizing the ESS. The original NEDC and scaled versions for power 

rating selection are shown in Figure 2.18. 

 

Figure 2.18 - Scaled versions of the standardised drive cycle selected for powertrain 

sizing. 

Using the tractive power calculation of equation 3.1 featured in Section 3.4.1 and obtained 

from [5], the power requirement for the identified drive cycles is determined. In addition, the 

following equation is utilised to estimate the output power requirement of the propulsion 

devices at any given time: 

DT

t
P

sP
P



)1( 
      (2.13) 

With ηDT being the total efficiency of drivetrain components, PP the power rating of the 

propulsion device, Pt the tractive power requirement and s the approximate percentage slip 

due to the traction of the wheels and rotational inertial of drivetrain components. The power 

rating of the propulsion devices are dependent on the continuous power requirement, the 

peak power requirement and the hybridization factor (HF) [4, 150].  

The HF featured in the analysis of [150], identifies a means for comparison of the power 

rating of the ICE and M/G with respect to the fuel consumption reductions in parallel 

connected hybrid powertrains. The HF is equal to the left hand side of the inequality of 

equation 2.14. Once the M/G power rating reaches a certain percentage of the total hybrid 
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power rating, the fuel savings are limited. For a HF between 20% to 70% the fuel economy 

improvement rises from 20.2% to 28.5% indicating that the extra cost for increased M/G 

power rating may not be justified by the identified potential savings on fuel [150]. Using 

20% HF as the minimum an inequality is determined for the sizing of the M/G with respect 

to the ICE or vice versa.  

2.0
/

/





egm

gm

PP

P
HF      (2.14) 

Leading to: 

egm PP 25.0/       (2.15) 

In the case of the defined inequality the M/G power rating must be at least 25% of the ICE 

power rating to achieve a fuel consumption reduction of more than 20.2% when compared to 

using the ICE alone. 

2.6.3 Drivetrain Considerations 

The main drivetrain consideration for this experimental setup is the ratio between the 

propulsion device and the driven wheels. In this case the speed of the ICE must match the 

speed of the rear axle and the speed of M/G2 must match the speed of the front axle. From 

[5], the axle speed (ωdw) is determined as: 

d

dw
r

V
       (2.16) 

Equation 2.16 leads to the speed of the drive axle based on the wheel radius and vehicle 

speed, for determining the ICE or M/G2 gear ratios as: 

tdwgodwP iii        (2.17) 

where io and ig represent the final drive and gearbox ratios respectively and ωP is the speed of 

the propulsion device for each drive axle. For the experimental setup the wheel radius is 

chosen as the standard size used for an off road go-kart [151], at 0.1905 m. This choice of 

wheel locks in the wheel radius and allows for the consideration of the required gear ratio. 

2.6.4 Specifications 

In determining the specifications of the experimental setup both simulations and calculations 

were used as means for comparison and verification. Simulations were completed using the 

ADVISOR software package introduced in Section 3.2.3 and calculations were completed 

based on the equations for vehicle propulsion presented by Ehsani et al [5]. Signals for both 

simulations and calculations are identified in Figure 2.19, Figure 2.20 and Figure 2.21.  



Chapter Two: Literature Review 

 

48 

Based on the mass and vehicle shape of a quad bike featured in another powertrain sizing 

study completed in [152] the output power for a propulsion device on the experimental 

vehicle is calculated and displayed in Figure 2.19. On one hand the ICE must supply the 

maximum power required for driving, which is up to 8 kW (Figure 2.19). Alternatively, the 

ICE is required to supply the average power requirement [20, 37]. The average power 

required for propulsion of the vehicle is less than 2kW as shown in Figure 2.19, during 

propulsion device or ICE operation as in this case. Given that the optimal efficiency of an 

ICE is observed between 50 and 75% of the peak power rating [11, 37, 153], the ICE power 

rating is selected according to a compromise between the two power levels. Therefore the 

power rating of the ICE is selected at 6 kW.  

Following selection of the ICE, M/G2 is selected according to the same output power 

requirement. In the case of M/G2 however, the average efficiency is much greater than the 

ICE and thus the optimal efficiency is not as important. M/G2 is selected with a continuous 

power rating of 6 kW, and a peak power rating of 12 kW. Finally, M/G1 should be selected 

according to the peak power rating of the ICE such that continuous operation of the ICE can 

be absorbed using M/G1. In this case the selection of M/G2 is more than sufficient to 

achieve this operation and thus M/G1 is selected at 6kW continuous and 12 kW peak as well.  

 

Figure 2.19 – M/G2 output power requirement for experimental setup having 

varying mass. 

Generally the operating speeds of propulsion devices are much greater than the rotational 

speeds of the drive axle (i.e. rotational speed of the wheels). Therefore a step down gear ratio 

is required from the propulsion devices to the driven wheels. The front gear ratio between 

M/G2 and the front axle is dependent on the maximum speed of M/G2 and the desired 

maximum speed of the vehicle. In this case the maximum desired speed is 60 km/h, from the 

selection of M/G2 the maximum speed is 5000 rpm. Rearranging equations 2.16 and 2.17 to 

solve for the total front gear ratio (itf) determines a ratio of 6.1:1. 
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For the ICE as mentioned in Section 2.2.1 more than one fixed gear is required in order to 

meet the high torque required for acceleration and to improve the performance of the ICE. 

This is the reason for selecting a CVT in the rear for mechanical coupling of the ICE to the 

driven axle. In the case of the CVT there are set limits for the ratios the device can achieve 

from input to output. One particular consideration for the CVT ratios as featured in [154], 

includes 2.92:1 to 0.7:1. In this theoretical study the exact ratios the CVT can achieve is not 

important, as long as the method for using these ratios in the experimental setup are clearly 

outlined. In this case the idea for using a CVT is to ensure that the ICE speed is independent 

of the vehicle speed. Therefore a final drive ratio is required to ensure that the ICE can 

achieve efficient operation for the majority of vehicle speeds. An acceptable starting point is 

to determine the final drive ratio for the rear axle according to: 

min,max
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       (2.19) 

Equation 2.19 uses the minimum ratio of the CVT (ig,min) to ensure that the rated speed of the 

ICE matches the desired maximum speed of the vehicle. Then examining the constraints of 

the ICE the potential for control and for meeting the desired vehicle speeds is revealed. 

Firstly, in this example the final drive ratio would be selected as 4.3 to ensure that the ICE 

can meet 60 km/h using the minimum CVT ratio at 2500 rpm. Following this initial 

calculation, Table 2.1 identifies the operation of the CVT relative to the constraints of the 

ICE and the selected final drive ratio. The selected final drive ratio is large enough to 

accommodate acceleration across the desired vehicle speed range while having the potential 

to vary the ICE operating speed. For example the ICE can maintain 2500 rpm for the vehicle 

speed range between 14.3 to 59.6 km/h. Theoretically speaking if 2500 rpm is the maximum 

efficiency for the ICE, then vehicle speeds from 0 to 14.3 km/h would occur at efficiencies 

below the maximum [37]. Given that M/G2 is more efficient it would be best to supply load 

torques occurring between 0 to 14.3 km/h using M/G2, hence the consideration for the 

Toyota Prius as identified in [5]. This combined ICE and M/G2 operation is discussed in 

more detail in Sections 4.2 and 4.3. Table 2.2 outlines the specifications for the experimental 

vehicle, which are based on a quad bike as featured in [152] and the analysis described 

above. 
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Table 2.1 - Comparison of operating speeds with a final drive ratio of 4.3. 

Constraint ICE Speed (ωe) Vehicle Speed (V) 
CVT ratio (ig) 

(Input: Output) 

ICE Idle Speed 104.7 rad/s (1000 rpm) 5.7 km/h 2.92:1 

ICE Max Speed 523.6 rad/s (5000 rpm) 60 km/h 1.39:1 

ICE Rated Speed 261.8 rad/s (2500 rpm) 59.6 km/h 0.7:1 

ICE Rated Speed 261.8 rad/s (2500 rpm) 14.3 km/h 2.92:1 

 

2.6.5 Operation of Selected Components 

From the performance data sheets for the selected M/G listed in Table 2.2 the torque-speed 

characteristic is estimated. Figure 2.20 shows the torque versus speed at constant voltage for 

the selected M/Gs, at 24 V, 36 V and 48 V. The torque-speed lines of Figure 2.20 are 

determined from the linear relationships between torque, speed and voltage as shown on the 

data sheet. Assuming the maximum torque to be 23 Nm at 24 V as seen in Figure 2.20, the 

maximum continuous torque versus speed characteristic (Tmax,cont.) is estimated using a base 

speed of 2500 rpm, which is the speed at rated power defined by the performance data sheet. 

Note that the maximum continuous torque-speed characteristic agrees with the specification 

given in Table 2.2, with 18 Nm occuring at 3200 rpm. Next the maximum peak torque-speed 

characteristic (Tmax,peak) with the same base speed and double the power was estimated as 

shown. 

Table 2.2 - Specifications determined for the powertrain of the experimental vehicle. 

Specification Value 

Internal combustion engine 242 cc, 5.9 kW, 16.7 Nm, @ 2500 rpm 

M/G1 and M/G2 6kW continuous, 12 kW peak, 48 Vdc, 0-

5000 rpm, 18 Nm @ 3200 rpm 

M/G1 and M/G2 Average Efficiency 75% (worst case scenario) 

Transmission/Final drive efficiency 85% 

Converter efficiency 95% 

ESS coulomb efficiency 80% 

Vehicle Mass 350 kg 

Wheel Radius 0.1905 m 

Front Transmission/Final Drive Ratio (itf) 6.1:1 

Rear Transmission/Final Drive Ratios (itr) CVT (2.92:1 to 0.7:1), FD (4.3:1) 

Vehicle Width 1112 mm 

Vehicle Height 1160 mm 

Aerodynamic drag coefficient 0.3 

Air density 1.2 kg/m
3
 

Gravitational Acceleration 9.8 m/s
2
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Figure 2.20 - M/G2 output torque versus speed over the (1/2) NEDC identified in 

Figure 2.18 

Using the equations from Ehsani et al [5] and the specifications defined in Table 2.2 the 

operating torques and speeds are calculated for the (1/2) NEDC scaled drive profile. Adding 

the operating points (op. pts.) to Figure 2.20 a comparison of the torque-speed characteristic 

for M/G2 reveals that the selected specifications agree with the calculated and simulated 

operating points. Figure 2.20 also demonstrates the full speed range of the M/G for the drive 

profile having the maximum vehicle speed (60 km/h) occurring at the maximum M/G speed. 

In simulation additional losses such as inertial losses, slip and component efficiency are 

considered leading to an increased power requirement. 

The torque and speed requested from the ICE under calculation and simulation is examined 

in Figure 2.21. First the maximum torque-speed characteristic of the selected ICE is 

estimated based on the specifications of Table 2.2. Comparing this maximum torque 

available from the ICE against the torque requested over the drive profile at the drive axle 

the potential for satisfying the load using the ICE is determined. The gear ratios utilised in 

Figure 2.21 occur within the range for the CVT combined with the final drive ratio (e.g. 4.3 

×2.92 = 12.56). Figure 2.21 identifies that the ICE is capable of satisfying the majority of 

requested loads; in particular the expectation is to satisfy loads for vehicle speeds between 

14.3 to 60 km/h. 
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Figure 2.21 – Comparison of approximate ICE torque-speed characteristic based on 

specifications of Table 2.2 for four potential gear ratios at the drive axle. 

For the battery energy storage requirement the PHEV all-electric range needs to be 

considered. Researchers have defined PHEVs according to the all-electric range, labelling 

each vehicle as PHEV5, PHEV10, PHEV20 etc. according to the distance travelled in miles 

starting with fully charged batteries for a typical day [104]. This means that a PHEV5 will 

have a 5 mile all-electric range, and a PHEV10 will have a 10 mile all-electric range etc. By 

this means of PHEV definition a PHEV20 allows for 32 km of travel during charge depletion 

mode of operation before it enters charge sustenance mode of operation to maintain battery 

SOC [7, 33]. Considering the (1/3) NEDC scaled drive profile and repeating it 9 times, leads 

to a total distance travelled of 32.76 km in 3 hours of driving. To design the battery energy 

storage capacity to propel the vehicle for this distance ensures that at least 3 hours of testing 

will be available for the vehicle on any given day with hybrid operating modes extending 

this available testing time.  

Table 2.3 lists the battery energy storage requirements according to the drive profile 

considered. To allow for sufficient SOC remaining in the battery bank at the end of the all-

electric range, the depth of discharge for the battery bank is selected at 60% [94]. Comparing 

the energy requirement against available lithium-ion battery banks from local suppliers, the 

battery energy storage requirements are selected as listed in Table 2.3 (160 Ah, 24 V). With 

a depth of discharge of 60% and the considered Ah energy requirement (81.24 Ah) the 

selection of the 160 Ah, 24 V battery bank is more than enough for the desired testing.  

The analysis completed for the propulsion device power ratings and battery energy storage 

demonstrates that the designed vehicle is acceptable for the considered testing. Varying the 
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drive cycle requirements will lead to varying power ratings of components while varying 

propulsion device selection will lead to varying drivetrain requirements.  

Table 2.3 - Specifications for battery energy storage 

Specification Value 

Drive Profile 9 x scaled NEDC 

Peak Velocity 40.0 km/h 

Average Velocity 11.1 km/h 

Time 3 hours 

Distance 32.76 km 

Voltage 24 V 

RMS Current 29.06 A 

Maximum Current 128.7 A 

Energy Storage Used (Calculated) 82.46 Ah 

Energy Storage Used (Calculated) 1978.7 Wh 

Energy Storage Used (Simulated) 81.24 Ah 

Energy Storage Used (Simulated) 1949.7 Wh 

Energy Storage Requirement 160 Ah 

Energy Storage Requirement 3840 Wh 
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2.7 Summary of Literature Review 

Four main topics are covered in this Chapter. Firstly, identification of energy smart vehicles 

(ESVs) as referring to electric, fuel cell, hybrid electric and plug-in hybrid electric vehicles. 

Secondly, focus was given to the components integrated on the vehicles as a means to 

categorise and help understand the various ESVs. Then examining the performance of 

commercially available ESVs the selection of the power-split PHEV as the vehicle 

configuration for this research program is supported. Thirdly, having defined ESVs control 

strategies featured in technical papers are examined from the perspective of Wirasingha et al 

[8] in order to narrow the scope for designing the EMS. Finally, a method for the optimal 

sizing of components is demonstrated via an example for the design of an experimental 

setup. The following is a summary of the main points discussed in this Chapter. 

Relative to the conventional vehicle compression ignition (CI) ICEs are more efficient than 

spark ignition (SI) ICEs however CI ICEs produce larger quantities of emissions [54]. 

Transmissions are generally of the fixed multi-gear type having a direct coupling between 

the ICE and driven wheels. This discussion on transmissions however highlights the 

potential for flexible control in the continuously variable transmission (CVT), even though 

the CVT does not feature predominantly in the conventional vehicle. The EV can be adapted 

from the conventional vehicle or designed from scratch. In the case of adapting a 

conventional vehicle to an EV the fuel tank or luggage space is utilised for housing batteries 

while the ICE is replaced with a M/G. Relative to ESV design there are three alternative 

electric machines; DC machines, AC synchronous machines and AC induction machines. 

The choice to use either one of these electric machines in ESVs is a result of design 

constraints such as control complexity, capital cost and performance attributes. Power 

electronic converters and controllers realise the conversion of electrical energy for 

controlling the M/G, consuming a small amount of energy in the process. The main concern 

for EVs is the limited drive range due to the poor energy density of energy storage mediums. 

Following the EV configuration the addition of a fuel cell aids with the supply and 

maintenance of ESS SOC. The fuel cell vehicle utilises the ESS to meet the transient 

demands of driving while the fuel cell supplies the average power demand. Even though the 

fuel cell is more efficient in converting hydrogen to electrical energy than the ICE is in 

converting gasoline to mechanical energy there are concerns for the use of hydrogen. 

Hydrogen consumes energy in production and storage leading to an overall efficiency similar 

to the average efficiency of ICE. The hydrogen is limited by the volume to energy density 

for storage on vehicles, taking up luggage space that is otherwise available on the 

conventional vehicle. For these reasons fuel cells for use in transportation are considered to 

remain in the development phase.  
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The most common form of ESV is the HEV, realising the combination of an ICE and ESS 

with M/G to meet drive load requirements. The HEV uses the ICE to meet steady state loads 

while allowing the ESS to satisfy the transient load requirements. The HEV does not suffer 

range anxiety like the EV, however, it relies on the consumption of fossil fuel to meet load 

demands. Using HEV the transportation industry has the potential for a smooth transition 

from conventional vehicles to sustainable vehicles as opposed to redesigning and building 

the infrastructure to support a completely new approach to transportation. Alternatively the 

PHEV is more or less an HEV with a larger sized ESS. This allows the PHEV to operate as 

an EV for a short distance without the concern for range anxiety. With a larger ESS the 

PHEV has greater potential for fuel consumption reductions utilising cost functions to 

implement charge depletion/charge sustenance or blended charge depletion strategies. 

Ultimately charging the ESS from the grid in the case of the PHEV offers greater fuel 

savings than the HEV which must charge the ESS using the ICE.  

The vehicle configuration identifies the arrangement of components on the PHEV or HEV 

and the potential for control. There are three main vehicle configurations, the series, parallel 

and power-split. The series configuration operates the ICE at optimal conditions however it 

suffers from increased drivetrain losses. The parallel configuration on the other hand has a 

direct mechanical coupling between the ICE and driven wheels that restricts ICE operating 

speed, leading to a lower average ICE operating efficiency. The parallel configuration does 

however have reduced drivetrain losses in comparison to the series configuration. The 

power-split configuration in comparison to both aforementioned configurations has all of the 

advantages and none of the disadvantages. There is however added complexity in control 

and increased capital costs associated with the power-split configuration. In addition to the 

vehicle configurations, the mechanical modes of operation detail the improved degree of 

control the power-split configuration has over the series and parallel configurations. Finally, 

a comparison of the commercially available vehicles relative to the identified vehicle 

configurations determines the power-split configuration in the Toyota Prius having the 

lowest fuel consumption for continuous long range driving. This discussion of the vehicle 

configuration and associated performance supports the selection of the power-split topology 

for this research program. 

Control strategies are the means for achieving best performance of a selected vehicle 

configuration. The classification into hybrid, multimode, rule-based blended and 

optimisation-based blended controllers help to distinguish the advantages and disadvantages 

of various control strategies. In addition, this classification helps to narrow the scope for 

designing an EMS, identifying that real-time if not predictive optimisation yields the best 

results. In particular, the optimisation of energy in a power-split PHEV should be dependent 
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on a cost function that relates the real-time operation of powertrain components to past 

and/or future road load requirements.  

Finally, an exercise for sizing the main powertrain and drivetrain components provides a link 

between the vehicle configuration and available control strategies. This is achieved through 

the consideration that component sizing has a large impact on the performance capabilities 

resulting from particular control strategies. The main criterion identified as a result of this 

exercise relative to desired performance includes:  

 Load power is achieved for all drive profile requirements 

 Traction torque developed by propulsion devices is high enough to meet the 

requirements for driving 

 Energy storage is sufficient for desired power levels and minimum operating times 

 Gear ratios ensure the propulsion devices will operate to the desired constraints 

 Propulsion device efficiency is important especially in the case of the ICE 

 ICE power rating must meet a minimum acceleration time, while achieving a set 

maximum speed and providing an outlook for efficient operation and control 

 Performance improvement of the M/G and ESS to ICE operation is attributed to the 

HF such that a minimum HF determines the near to maximum benefit capable of a 

HEV 

These design considerations thereby realise the means for powertrain and drivetrain 

component selection, in light of vehicle configuration, control limitations and performance 

requirements. In particular, the foundations for the development of a suitable test bench for 

testing the operation and control of ESVs are established. Finally, this investigation is useful 

in judging the expected performance or for explaining the limitations of HEVs or PHEVs.  
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CHAPTER THREE 

Modelling of Energy Smart Vehicles 

3.1 Introduction 

In the previous Chapter the vehicle configurations, component sizing, relationship between 

components and typical methods for control were discussed as a means to select the best 

alternative to the conventional vehicle. The discussion in the previous Chapter leads to the 

selection of the power-split PHEV for investigation in this research program. As a result of 

the analysis for the sizing of components for an experimental setup it was realised that the 

cost for acquiring a scaled test bench would exceed the budget for the research program. The 

process, however, provided an insight into the requirements for the design of a PHEV and 

serves as an introduction to the investigation featured in this Chapter.  

As an alternative to the experimental setup three vehicle models have been developed in the 

advanced vehicle simulator (ADVISOR) for use as test benches. The three vehicles are the 

Toyota Prius 2010, Hyundai Sonata Hybrid 2011 and Honda CR-Z 2010. The Toyota Prius 

2010 is a power-split HEV, however, to demonstrate application of the designed control 

strategy the Hyundai and Honda are both parallel HEVs. As mentioned in Section 2.2.5, the 

PHEV is more or less a HEV with larger energy storage. This means that benefits of 

operation demonstrated on the three HEVs are expected to be seen in plug-in hybrid versions 

of the vehicles as well. The scope for testing on each of the simulated vehicles is outlined in 

Chapters 4 and 5 relative to each of the designed controllers.  

Measured data from the operation of the three vehicles on standardised drive cycles is 

referred to for a better understanding of their performance. Operation of the ICE, M/Gs, and 

ESS with respect to the tractive power measured at the wheels of each vehicle is examined to 

reveal operating modes and the underlying control strategy. Focus is not placed on 

replicating the exact transient operation of components in simulation when compared to the 

measured signals, however, a comparison helps reveal areas requiring additional attention. 

Finally, input and output energy, overall efficiency and average fuel consumption on the 

standardised drive cycles determine the performance targets for the simulated vehicles to 

meet.  

In particular, this investigation confirms the specifications of the components utilised on the 

three vehicles, including power, torque and speed ratings, efficiency of operation and 

definition of the rolling chassis (i.e. coefficient of aerodynamic drag, rolling resistance, etc.). 
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A comparison of the simulated and measured performance targets identified above reveals a 

maximum error of 3.87% for both the urban dynamo driving schedule (UDDS) and highway 

fuel economy test (HWFET) drive cycles. Through demonstrating the ability of the 

simulated vehicles to meet the defined performance targets three test benches for this 

research program are realised. Section 3.2 discusses the reasons for selecting the ADVISOR 

software by comparing the different approaches to simulation. 

3.2 Simulation Tools 

Due to the high capital costs of an experimental test bench researchers conduct simulation 

for the analysis of novel EMS controllers [8, 11, 26, 32, 41, 60, 89, 155, 156]. The test 

benches utilised in this research are developed in the ADVISOR simulation package, which 

is an add-on to the MATLAB/Simulink environment. This Section endeavours to identify 

why ADVISOR is selected for simulations in this thesis. In terms of the available software 

packages for vehicle analysis there are two options; dynamic vehicle simulators and lumped 

parameter models [11]. Dynamic vehicle simulators determine vehicle performance based on 

models of the dynamical systems of the vehicle [60]. On the other hand, lumped summed 

parameter models have simplified mathematical models for faster evaluation [11]. 

ADVISOR applies known vehicle specifications to models of a vehicle’s components in 

order to determine overall performance. Small transient operations of components are 

ignored in favour of faster simulation for interaction between powertrain and drivetrain 

components [49, 157]. The ADVISOR software therefore lies somewhere in between, having 

lumped parameter models to overrule complex small signal responses with enough 

dynamical considerations to model interactions of the components inherent on the vehicles. 

In addition to the two types of simulation packages defined above, forward-facing or 

backward-facing approaches have varying advantages and disadvantages.  

3.2.1 Backward-facing Approach 

Backward-facing analysis determines required control signals with the assumption that 

outputs have already been met [158]. Applying these control signals to the vehicle model 

which is inclusive of the powertrain and drivetrain models shown in Figure 3.1, outputs are 

utilised to determine input requirements. For example input energy of the powertrain is 

determined from the required vehicle speed at a set time provided by the drive cycle. 

Primarily the input signals are the response to a backward-facing approach in simulation. 
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Figure 3.1 - Backward-facing approach to simulation. 

The backward facing approach is beneficial in finding a fast solution since computational 

complexity is reduced. Rather than having to search for a solution the backward-facing 

approach is provided with the solution, utilising known responses of the powertrain and 

drivetrain to compute the input requirements. This is also the main limitation of the 

backward-facing approach since the idea for simulation is to test a system’s response to 

varying inputs. Backward-facing approaches are not suitable for testing control systems 

relative to the constraints of vehicle components [158]. Alternatively forward-facing 

approaches provide more realistic test benches for control system response. 

3.2.2 Forward-facing Approach 

Figure 3.2 aids with the description of a forward-facing approach to simulation. With 

forward-facing analysis desired output (drive cycle) is converted to input signals such as the 

throttle position resulting from a driver model. The throttle position is then interpreted by a 

controller for setting the powertrain and drivetrain components as well as calculating the 

required input power, torque, speed, and therefore energy.  

 

Figure 3.2 - Forward-facing approach to simulation. 

The inputs are fed into the powertrain model to determine the resulting outputs, the outputs 

of the powertrain are fed into the drivetrain as inputs to determine the outputs of the vehicle. 

The forward-facing approach can therefore determine the output as a response to the input, 

and is a more realistic representation from a control perspective [158]. In particular, control 

constraints of vehicle components are considered at the input to devices which identify 

potential problems in simulation before hardware implementation [11]. For this reason 

forward-facing approaches are more desirable as a test bench for control system response 

[57, 159, 160]. Forward-facing approaches are more complex and require larger simulation 

times to optimise solutions to drive problems. The combination of forward and backward 
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facing approaches to simulation on the other hand determines a fast approach to simulation 

with the inclusion of component constraints. 

3.2.3 Combined Backward/Forward-facing Approach  

The combination of backward and forward facing approaches to simulation realises a test 

bench that achieves system responses to control decisions quickly without compromising the 

limitations of individual components. Referring to ADVISOR as an example the simulation 

setup is mostly a backward-facing approach allowing the calculation of power, torque and 

speed to occur via the use of look-up tables [49]. These look-up tables are discretely defined 

and so the dynamic response of the vehicles is limited. In order to implement the dynamic 

response inherent with the forward-facing approach the ADVISOR software determines the 

required inputs to the system relative to the defined constraints of components [49]. Figure 

3.3 illustrates the application of backward and forward facing approaches in the ADVISOR 

software. ADVISOR simultaneously determines the available outputs due to inputs (forward) 

while determining the resulting inputs due to outputs (backward). This allows for an over-lap 

of the backward and forward-facing approaches as applied to the defined vehicle model. The 

backward-facing approach determines required inputs with respect to the load while the 

forward-facing approach dictates whether the system can meet the requested loads. 

 

Figure 3.3 - Backward/forwards facing approach to simulation. 

The ADVISOR software package has been utilised by a number of researchers [30, 50, 157, 

161, 162]. Reference [50] utilises ADVISOR to model a number of vehicle configurations 

for a solar-assisted electric auto rickshaw, acknowledging the accuracy in predicting vehicle 

performance without real-world implementation. In particular, researchers identify the robust 

approach such software packages have in the modelling of vehicles [157]. The main point to 

note from such powerful software is that reasonably accurate models of individual 

components on a vehicle must be established in order to retrieve realistic results [161]. With 

these considerations in mind the ADVISOR software is chosen for the development of a test 

bench in simulation in this thesis. 
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3.3 Existing Vehicles 

The data of three vehicles has been referred to in the development of three test benches for 

the study completed in this thesis. The three test benches include the Toyota Prius 2010, 

Hyundai Sonata Hybrid 2011 and Honda CR-Z 2010. Test data for these vehicles has been 

obtained from the Downloadable Dynamometer Database [118] which was generated at the 

Advanced Powertrain Research Facility at Argonne National Laboratory under the funding 

and guidance of the US Department of Energy. This Section details the vehicle 

configurations and associated specifications.  

3.3.1 Toyota Prius 2010 

The Toyota Prius 2010 as mentioned in Section 2.4.2 is a power-split configuration as shown 

in Figure 3.4. The ICE and two M/Gs are coupled to the PGS to allow torque-speed coupling 

between each propulsion device as discussed in Section 2.3.4. The ICE is coupled to the 

carrier gears (C), M/G1 to the sun gear (S), M/G2 to one side of the ring gear (R) and the 

driven wheels to the opposite side of the ring gear. M/G1 is primarily operated as a generator 

and provides the speed coupling to the ICE, while M/G2 is utilised as a motor and provides 

the torque coupling to the ICE. Here the Toyota Prius is an example of an existing vehicle 

configuration that has flexibility in control due to the PGS. For this reason the Toyota Prius 

is considered to be able to display the full range of operations for the control strategies 

featured in this thesis. Specifications for the Toyota Prius powertrain are listed in Table 3.1 

with additional specifications listed in Table A.1 (in Appendix A.1). 

 

Figure 3.4 - Toyota Prius 2010 vehicle configuration. 
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3.3.2 Hyundai Sonata Hybrid 2011 

The Hyundai Sonata Hybrid 2011 as discussed in Section 2.4.2 is a parallel connected 

topology with an integrated starter generator (ISG) [10]. The ISG allows for frequent 

start/stop of the ICE independent of the primary M/G operation ensuring that the ICE 

conserves fuel during low vehicle velocity or low load requirements. Due to the small size 

and to reduce the complexity of the model the ISG has been removed, hence the cross 

through the ISG in Figure 3.5. The Hyundai Sonata Hybrid utilises a mechanical coupling as 

opposed to the PGS of the Toyota Prius. The mechanical coupling provides torque coupling 

(Section 2.3.4) of the ICE and M/G1, and is coupled to a six speed automatic transmission 

(AT 6 spd). Refer to Table 3.1 for the Hyundai Sonata Hybrid powertrain specifications with 

additional specifications listed in Table A.2.  

 

Figure 3.5 - Hyundai Sonata Hybrid 2011 vehicle configuration. 

3.3.3 Honda CR-Z 2010 

Based on the Honda Insight, the Honda CR-Z is also a parallel connected topology, however, 

the ICE is directly coupled through the M/G to the manual transmission (MT 6 spd). Further 

discussion of the Honda CR-Z is featured in Section 2.4.2. The ICE in the Honda CR-Z is 

continuously operated since the M/G is too small to accelerate the vehicle. The M/G is, 

however, utilised to absorb small transient operations of the drivetrain that would otherwise 

cause increased fuel consumption. The Honda CR-Z 2010 specifications are listed in Table 

3.1 with additional specifications listed in Table A.3. 
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Figure 3.6 - Honda CR-Z 2010 vehicle configuration. 

3.3.4 Vehicle Specifications 

The vehicle specifications for the three test benches featured in this thesis are listed in Table 

3.1. The asterisk (*) next to a specification in Table 3.1 indicates that the value is estimated 

for simulation purposes, all other listed specifications have been sort from various car 

manuals, advertisements and web pages detailing information about the three vehicles.  

 

Table 3.1 - Vehicle specifications for the powertrain of the three test benches selected 

for simulation. 

Component 

Parameter 

Toyota Prius 2010 Hyundai Sonata 

Hybrid 2011 

Honda CR-Z 2010 

ICE peak power 

(kW) 

73 

(@5200 rpm) 
131 (@6000rpm) 

84 

(@6000rpm) 

ICE peak torque 

(Nm) 

142 

(@4000rpm) 

209 

(@4500rpm) 

145 

(@4800rpm) 

ICE peak efficiency 

(%) 
36* 36* 34* 

M/G1 peak power 

(kW) 
42 30 10 

M/G1 peak torque 

(Nm) 
84.7* 181* 79 

M/G2 peak power 

(kW) 
60 N/A N/A 

M/G2 peak torque 

(Nm) 
207 N/A N/A 

ISG peak power 

(kW) 
N/A 8 N/A 

Transmission CVT AT 6spd MT 6spd 

ESS NiMH 

201.6 V and 7.2 Ah 

Li-polymer 

270 V and 5.3 Ah 

NiMH 

100.8 V and 5.3 Ah 
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3.4 Vehicle Tractive Energy Requirements 

3.4.1 Modelling Tractive Energy 

The vehicle energy requirements are determined according to forces acting on a moving 

mass. Using the following equation (from Ehsani et al. [5]) it is possible to determine the 

tractive power requirement of a vehicle travelling at a velocity determined by a driver: 











dt

dV
MVACMgfVP fDrt  2

2

1
    (3.1) 

Where Pt is the tractive power required at the wheels to achieve the desired vehicle velocity 

V in m/s, M is the mass of the vehicle, g is the gravitational acceleration, while fr is the 

rolling resistance coefficient and can be represented by: 











160
1

V
ff or      (3.2) 

Equation 3.2 provides a linear relationship between vehicle velocity (V) and rolling 

resistance (fr). As shown in equation 3.2 rolling resistance can be calculated with respect to 

some initial value of rolling resistance fo (equal 0.01 for asphalt/concrete road as a 

reasonable estimate [5]) and is valid for vehicle speeds up to 128 km/h. Referring again to 

equation 3.1, ρ is the air density (equal 1.2 kg/m
3
), CD is the coefficient of aerodynamic drag 

of the vehicle (depending on the shape), Af is the frontal area of the vehicle and δ is the 

rotational inertia factor and represents the angular moments of the rotating components 

defined by: 

2

22

2
1

Mr

Jii

Mr

J Pog

d

w       (3.3) 

Jw is the total angular inertial moment of the wheels and Jp is the total angular inertial 

moment of the power plant (i.e. propulsion device(s)) and r the approximate average radius 

of the rotating components associated with the power plant. Equation 3.3 can be simplified 

to: 

22

211 ogii       (3.4) 

Where δ1 represents the second term on the right-hand side of equation 3.3, with a reasonable 

estimate value of 0.04, and δ2 represents the effect of the power-plant-associated rotating 

parts, with a reasonable estimate value of 0.0025 [5]. Due to the unknown combination of 

power supplied from the hybrid powertrain it is difficult to determine the exact instantaneous 

value of δ, therefore δ = 1.0425 is utilised as a starting point. 
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3.4.2 Interpreting Measured Tractive Power 

Test data of various vehicles is available from the Downloadable Dynamometer Database 

[118] which was generated at the Advanced Powertrain Research Facility at Argonne 

National Laboratory under the funding and guidance of the US Department of Energy. The 

available test data includes tractive force (N), vehicle speed (mph), ICE speed (rpm), fuel 

consumption rate (cc/s), ESS voltage (V), current (A), SOC (%) and the time step (0.1s). In 

terms of the available measured data of the vehicles there are some conversions required in 

order to compare the data with the representations described in Section 3.3. 

The measured power at the wheels (tractive power) of the vehicle is a combination of the 

forces acting on the wheels and the known vehicle velocity: 

ttt TP        (3.5) 

dtt rFT        (3.6) 

d

t
r

V
       (3.7) 

VFP tt        (3.8) 

Equations 3.5 to 3.8 indicate that power is independent of the radius of the wheels and that it 

is calculated directly from the two measured signals (Ft and V). For the discussion of the 

modelling shown in this Section the measured data of the Toyota Prius is referred to. Table 

3.2 lists the specifications of the Toyota Prius 2010 for use in equation 3.1. To start with the 

rolling resistance is considered as a constant at 0.01 instead of using equation 3.2, in addition 

equation 3.4 is characterised by δ1 = 0.04 and δ2 = 0.0025 with io
2
ig

2
 = 1.  

Table 3.2 - Toyota Prius 2010 specifications for interpretation of the measured data. 

Description Symbol Value Unit 

Mass M 1530.87 kg 

Rolling Resistance 

Coefficient 
fr 0.010 - 

Air Density ρ 1.2 kg/m
3
 

Coefficient of 

Aerodynamic Drag 
CD 0.39 - 

Frontal Area of 

Vehicle 
Af 1.746 m

2
 

Gravitational 

Acceleration 
g 9.81 m/s

2
 

Wheel Radius rd 0.287 m 
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For the comparison of measured and calculated tractive power using equation 3.1 the UDDS 

is considered. The UDDS is shown in Figure 3.7 in kilometres per hour as converted from 

the measured speed of the Toyota Prius 2010 [118]. Using the vehicle velocity as input to 

equation 3.1 the result is the calculated tractive power of Figure 3.8. Through the visual 

comparison of the two signals shown in Figure 3.8 it is evident that there is some 

discrepancy in the calculation of the tractive power as compared with the measured signal. 

Utilising the mean absolute percentage error (MAPE) [163] the error between the two signals 

is determined at 32.43%.  

 

Figure 3.7 - UDDS. 

 

Figure 3.8 - Comparison of calculated and measured tractive power for the Toyota 

Prius 2010. 
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The MAPE as mentioned above is determined as follows: 







n

i i

ii

Y

XY

n
MAPE

1

1
     (3.9) 

where Yi is the measured value, Xi is the calculated (or predicted) value, i is the 

corresponding data points of the calculated and measured values and n is the total number of 

data points. In determining the MAPE all power magnitudes below 5 kW have been ignored 

due to the large inaccuracy imposed by low wheel speeds, low propulsion power 

requirements and small signal variations induced by the chassis dynamometer [118]. With a 

MAPE of 32.43% equation 3.1 is either missing characteristics of the tractive power 

requirement or one of the characteristics is not represented accurately in equation 3.1. 

Therefore an investigation of the contributions made by the components of equation 3.1 to 

the tractive power is undertaken to determine the best equation for representing the measured 

data.  

Case 1: Excluding Aerodynamic Drag 

Since the tests completed by the Argonne National Laboratory occurred on a chassis 

dynamometer it is hypothesised that the aerodynamic drag of the vehicle does not contribute 

to the power requirement for maintaining the vehicle velocity. Equation 3.1 contains 3 

components on the right-hand side; the 1
st
 is to account for the rolling resistance of the 

vehicle, the second is for the aerodynamic drag of the vehicle and the third is for the angular 

moments of the rotating components such as the wheels and gears throughout the drivetrain. 

Equation 3.1 becomes: 











dt

dV
MMgfVP rt       (3.10) 

Case 2: Excluding Rolling Resistance 

The chassis dynamometer measures the force on the vehicle tires and the speed of the vehicle 

relative to a mechanical wheel which the vehicle rests on. In this case it is hypothesised that 

the dynamometer is coupled to the wheels like a set of gears in order to maximise the 

transfer of torque and speed for measurement by the sensors connected to the chassis 

dynamometer mechanical wheel. Equation 3.1 is simplified to:  











dt

dV
MVACVP fDt  2

2

1
    (3.11) 
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Case 3: Excluding Aerodynamic Drag and Rolling Resistance 

Alternatively, consider the case where both aerodynamic drag and rolling resistance are 

excluded and only the inertia of rotating components is considered.  

dt

dV
VMPt        (3.12) 

Equation 3.12 identifies the fact that the tests are completed on a chassis dynamometer 

where the vehicle remains stationary and the wheels are coupled to the load. For best 

measurement of the force acting on the wheels of the vehicle it is assumed in this case that 

the wheels have as little slip as possible and therefore no rolling resistance can be present 

during the rotation of the wheels. Such a component would interfere with the accuracy of 

measurements. 

Case 4: Filtering Erratic Transients in the Tractive Power Calculation 

The erratic variation in the calculated signal of Figure 3.8 is another possible cause of the 

error. The tractive power requirement for acceleration/deceleration from one vehicle speed to 

the next using equation 3.1 is potentially misrepresented. Considering that the tractive power 

measured by the wheels is achieved through the application of power from the propulsion 

device the erratic behaviour is reduced due to the inertia of the vehicles rotating components. 

In order to reduce the erratic variation for the calculated tractive power a moving average of 

the acceleration component is introduced to equation 3.1 such as: 



















AV

fDrt
dt

dV
MVACMgfVP  2

2

1
    (3.13) 

In modelling the tractive power requirement based on the requested vehicle velocity it is 

possible to relate the accelerator pedal position directly to expected final vehicle velocity (or 

resulting vehicle velocity Vn) based on the previous vehicle velocity (Vn-1, Vn-2 etc.). This 

means that past vehicle velocity can be considered in order to predict the future tractive 

power requirement and reduce the erratic behaviour of the calculated tractive power. The 

component representing the vehicle acceleration becomes: 
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dV 1
     (3.14) 

Where n represents the current values in the approximation of equation 3.14, i is the variable 

for the moving average relative to the sample space of measurements and a is an integer 

value (a<1) which ensures at least one previous measurement of speed and time is 

considered in equation 3.13.  
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3.4.3 Best Representation of Tractive Power 

Using each of the described methods for calculating tractive power of the Toyota Prius with 

the specifications listed in Table 3.2 and comparing the MAPE the most accurate method is 

determined. The purpose for investigating the inclusion or omission of each of the 

components of equation 3.1 leads to an understanding of how each characteristic contributes 

to the overall tractive power calculation. The results of the MAPE listed in Table 3.3 identify 

two of the considered methods as a better means for representing the tractive power of a 

vehicle running on the chassis dynamometer. Case 2 and 4 have a similar MAPE which 

helps to decipher the best method for representing the tractive power.  

Table 3.3 - Comparison of methods for calculating tractive power. 

 Equation 3.1 Case 1 Case 2 Case 3 Case 4 

MAPE 32.43% 25.87% 20.94% 23.90% 20.04% 

 

Case 2 excludes the rolling resistance component of equation 3.1, while case 4 includes this 

component in addition to the averaging of the vehicle acceleration/deceleration component. 

The results of Table 3.3 imply that the rolling resistance component should not be included 

in case 4. This is potentially unique to the test conditions for the vehicle such that it was 

completed on a chassis dynamometer, where it may be difficult to simulate the rolling 

resistance of the vehicle. Recalculating the tractive power using: 
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fDt
dt

dV
MVACVP  2

2

1
    (3.15) 

The MAPE determined using equation 3.15 is 9.74% and compared to case 4 using equation 

3.13 suggests that the rolling resistance should be excluded. Finally the use of δ in these 

equations has been considered a constant which may account for the final 9.74% error 

between the calculated and measured signals. To investigate the effect of δ in the case of the 

chassis dynamometer it is varied between 0.95 and 1.1 and compared with the original value 

of 1.0425. Table 3.4 lists the MAPE for equation 3.15 with varying δ values and Figure 3.9 

provides a visual comparison of how well equation 3.15 represents the measured data. Figure 

3.9 also identifies a method for investigating varying values of other coefficients of Table 

3.2. 

Table 3.4 - MAPE for tractive power calculation using equation 3.15 and varying δ 

values. 

δ 0.95 1.0 1.0425 1.1 

MAPE 10.33% 9.35% 9.74% 13.95% 
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Figure 3.9 - Comparison of tractive power calculation over a 20 second interval using 

equation 3.15 with varying δ values. 

According to the results of the MAPE for varying δ values, no inertial factor for the rotating 

components is required for equation 3.15. Instead the final equation for representing the 

tractive power of the vehicles on the dynamometer is: 



















AV

fDt
dt

dV
MVACVP 2

2

1
     (3.16) 

Comparing the calculated tractive power of equation 3.1 and that determined using equation 

3.16 in Figure 3.10 the error calculated in the MAPE is evident. 
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Figure 3.10 - Comparison of tractive power calculated using equation 3.1 and equation 

3.16 with the measured tractive power. 

Following the identification of equation 3.16 it was also tested for correlation on a second 

drive cycle with the measured data. This drive cycle is the HWFET as shown in Figure 3.11. 

A segment (380 sec to 400 sec) of the measured and calculated tractive power using the 

HWFET of Figure 3.11 and equations 3.1 and 3.16 are shown in Figure 3.12.  

 

Figure 3.11 - HWFET drive cycle used to test correlation of equation 3.16. 
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Figure 3.12 – Measured and calculated tractive power for the HWFET. 

The visual comparison of Figure 3.12 supports the use of equation 3.16, in addition the 

MAPE using equation 3.1 and 3.16 are 55.93% and 14.50% respectively. The analysis 

completed is not intended to discredit the equations presented in Ehsani et al [5]. The 

analysis does however suggest that the forces acting on the dynamometer are different to a 

real-world scenario described by the equations in [5]. These differences seem to be an 

exclusion of the rolling resistance as well as a reduced inertia of the rotating components. 

Acknowledging these differences in the measured data ensures that any discrepancy in 

testing the vehicles will be accounted for in developing models for use as test benches. For 

example the fuel consumption resulting from the Toyota Prius on the UDDS is 3.1 L/100km 

as shown in Table 3.13 which is lower than the reported average for city driving by the 

Environmental Protection Agency at 4.61 L/100km [43]. The tractive power as an output of 

the vehicle is not changing the internal characteristics of the vehicle thus modelling based on 

the defined bench mark determines a reference point for both controllers proposed in 

Chapters 4 and 5. In addition, it is not possible to represent all characteristics of the vehicle 

in simulation and thus while a model must endeavour to accurately represent the vehicle 

there are certain limitations.  

3.5 Operating Modes of Test Vehicles 

Due to the uncertainty in operation of the vehicles it is not possible to determine the exact 

control strategy of the each tested vehicle from the measured data. The following Section 

identifies the methods utilised to gain knowledge about the modes of operation and thereby 

the control strategies of the test vehicles. For example the ESS is generally absorbing or 



Chapter Three: Modelling of Energy Smart Vehicles 

73 

supplying some of the load continuously during ICE operation which makes it difficult to 

distinguish ICE only operations. It is, however, possible to distinguish ICE supply to the 

drivetrain during low power levels charged and discharged from the ESS. Such 

considerations lead to identifying the modes of operation. Again the Toyota Prius 2010 data 

is utilised as the example with similar analysis completed for the Hyundai Sonata Hybrid and 

Honda CR-Z as evidenced by the signal comparisons of results shown in Appendix A.1. 

Referring to the drivetrain combinations of Section 3.3, this provides the starting point for 

the relationship between tractive power and input power of the propulsion devices. For the 

Toyota Prius this starts with defining the gear ratios of the PGS and transaxle.  

3.5.1 Initial Consideration for Transmission 

The operating speed of the ICE compared with the wheel speed demonstrates the selected 

gear ratio for conventional vehicles (this is first identified in Section 2.2.1 and discussed 

further in Section 2.5.3). The Toyota Prius having the PGS makes for an increasingly 

difficult task in defining the transmission from the measured data. Observe the speed ratio of 

Figure 3.13  being continuously variable as expected between the ICE and wheels. This 

indicates that for the period 180 to 200 seconds on the UDDS the Prius’ ICE is in speed 

coupling mode with M/G1, however, without having measured the speed of M/G1 it is 

difficult to determine the energy path chosen for the ICE developed power. The available 

energy paths include the mechanical or electrical couplings identified in Figure 3.4. In the 

case of the Hyundai Sonata Hybrid and Honda CR-Z the speed ratio between the ICE and 

driven wheels indicates the selected transmission gear. This also allows for the calculation of 

the output torque of the ICE directly from the force and speed of the wheels as measured on 

both these vehicles. For the Toyota Prius, however, further investigation is required for the 

consideration of operating modes. 
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Figure 3.13 – Speed ratio for the Toyota Prius 2010; ICE speed with respect to wheel 

speed over the UDDS. 

3.5.2 Toyota Prius PGS 

In order to determine the operating modes of the Toyota Prius the mechanical relationship 

between the ICE and drive wheels of the vehicle need to be defined. The tractive power 

discussed in Section 3.4 defines the required energy to propel the vehicle along the road. The 

relationship between the tractive power and the measured fuel and stored energy of the ICE 

and ESS is unknown however. The PGS of Figure 3.4 introduces a unique relationship 

between torque and speed of the ICE, M/Gs and drive wheels.  

Figure 3.14 defines the more detailed combination of gears for the PGS and transaxle of the 

Toyota Prius as featured in [5]. Table 3.5 introduces the numbers of teeth on each of the 

gears and allows for the definition of the relationship between the drive wheels and the ICE. 

There are six gears included in Figure 3.14, Z1 to Z6 which determine the ratio between the 

output of the PGS and the drive wheels. The torque and speed coupling modes of the PGS as 

discussed in Section 2.3.4 then determine the speed of the ICE and M/Gs. The number of 

teeth of the ring (ZR), sun (ZS) and carrier (ZY) gears are also listed in Table 3.5.  
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Figure 3.14 - Schematic of the Toyota Prius hybrid transaxle coupled to the PGS [5]. 

Table 3.5 - Toyota Prius hybrid trans axle and PGS specifications [5]. 

Description Symbol Number of Teeth 

Drive Sprocket Z1 35 

Drive Sprocket Z2 36 

Counter Gear (Drive) Z3 30 

Counter Gear (Driven) Z4 26 

Final Gear (Drive) Z5 35 

Final Gear (Driven) Z6 75 

Ring Gear ZR 78 

Sun Gear ZS 30 

Yoke/Carrier Gear ZY 23 

 

From the consideration of Figure 3.14 and the connection of the ICE, M/Gs and drivetrain to 

the PGS as identified in Section 2.3.3 and discussed in Section 2.3.4, the following equations 

define the relationship of input and output speed and torque. This is for the PGS operating as 

a speed coupling device between the ICE and M/G1. 
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ωdw is the driven wheel speed, ωe is the ICE speed, ωm/g is the motor generator speed irw is 

the gear ratio between the output of the ring gear on the PGS to the driven wheels: 

135

246

ZZZ

ZZZ
irw        (3.18) 

And kyr and kys represent the gear ratios between the yoke and ring gear, and yoke and sun 

gear respectively having the relationship: 

g
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)1( gys ik        (3.20) 

where ig follows as: 
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The torques for speed coupling mode are proportional according to,  
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where ηyr is the efficiency of energy transfer from the yoke to the ring gear, ηrw efficiency of 

energy transfer from ring gear to drive axle, ηsr the efficiency of energy transfer from sun 

gear to ring gear and b = 1 for discharging and b = -1 for charging.  The number of teeth on 

the gears Z1 to Z6 are listed for the Toyota Prius 2004 in [5], which also lists a slightly 

different number of teeth for the gears in the 2003 model. Additionally, there is no mention 

if there is a ratio for the differential connecting the final gears to the drive axle. By 

comparison of the tractive power measured at the wheels and the equivalent maximum brake 

torque-speed ratings of the ICE, M/G1 and M/G2 the irw of the 2004 Toyota Prius is used as 

a starting point to determine irw for the 2010 model.  
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Figure 3.15 - Tractive torque and vehicle velocity data with respect to the specifications 

listed in Section 3.3.4 and Table 3.5. 

Figure 3.15 compares the maximum brake torque produced at the wheels of the vehicle from 

each of the operating modes for the Toyota Prius. Due to the connection of M/G1 and M/G2 

as discussed in Section 2.3.3, M/G1 combines with the ICE via speed coupling while M/G2 

combines via torque coupling [5]. This means that M/G1 allows the ICE to operate at any 

speed independent of the drivetrain while the maximum brake torque produced at the wheels 

is the summation of the ICE and M/G2 at the wheels. Table 3.6 identifies the possible 

operating modes that were used to achieve the tractive torque identified in Figure 3.15.  

From the perspective of peak output torque at some vehicle velocity, Figure 3.15 indicates 

that the gear ratios defined in Table 3.5 will satisfy all load requirements for the UDDS. 

According to the operating modes identified in [5], the Toyota Prius 2004 does not exhibit 

propulsion from M/G1 and M/G2 at the same time. If this is the case then the high torques at 

low vehicle speeds exceeds the maximum output torque capable of the vehicle. For example 

referring to Figure 3.15 ‘M/G1 and M/G2 Motoring’ mode is not available meaning that 

‘ICE and M/G2 (with M/G1 Speed Coupling)’ produces the highest torque. Another concern 

is the electric only mode at low vehicle speeds (i.e. ICE start-up occurring between 24 and 

32 km/h) this means that if M/G1 and M/G2 mode is not available then the maximum output 

torque available at the wheels comes from either M/G1 or M/G2. Using the same operation 

as defined in [5], it is most likely that M/G2 would be the propulsion device supplying the 

drivetrain load during ICE shutdown.  
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Table 3.6 - Operating modes of the Toyota Prius 2010 PGS. 

Operating 

Mode 

Powertrain 

Component 

Drive Wheel Torque 

(Tdw) 
Drive Wheel Speed (ωdw) 

Electric M/G1 
𝑖𝑟𝑤𝑘𝑦𝑠𝑇𝑚/𝑔1

𝑘𝑦𝑟
 

𝑘𝑦𝑟𝜔𝑚/𝑔1

𝑖𝑟𝑤𝑘𝑦𝑠
 

Electric M/G2 𝑖𝑟𝑤𝑇𝑚/𝑔2 
𝜔𝑚/𝑔2

𝑖𝑟𝑤
 

Electric 
M/G1 and 

M/G2 
𝑖𝑟𝑤 (

𝑘𝑦𝑠𝑇𝑚/𝑔1

𝑘𝑦𝑟
+ 𝑇𝑚/𝑔2) 

𝑘𝑦𝑟𝜔𝑚/𝑔1

𝑖𝑟𝑤𝑘𝑦𝑠
=
𝜔𝑚/𝑔2

𝑖𝑟𝑤
 

ICE Only 
ICE and 

M/G1 

𝑖𝑟𝑤
𝑘𝑦𝑟

𝑇𝑒 
𝑘𝑦𝑟

𝑖𝑟𝑤
(𝜔𝑒 −

1

𝑘𝑦𝑠
𝜔𝑚/𝑔1) 

Hybrid 

Mode 

ICE and 

M/G2 
𝑖𝑟𝑤 (

1

𝑘𝑦𝑟
𝑇𝑒 + 𝑇𝑚/𝑔2) 

𝑘𝑦𝑟𝜔𝑒

𝑖𝑟𝑤
=
𝜔𝑚/𝑔2

𝑖𝑟𝑤
 

Hybrid 

Mode 

ICE, M/G1 

and M/G2 
𝑖𝑟𝑤 (

1

𝑘𝑦𝑟
𝑇𝑒 + 𝑇𝑚/𝑔2) 

𝑘𝑦𝑟

𝑖𝑟𝑤
(𝜔𝑒 −

1

𝑘𝑦𝑠
𝜔𝑚/𝑔1) =

𝜔𝑚/𝑔2

𝑖𝑟𝑤
 

  

Since M/G2 is nominally the tractive motor, M/G2 would be required to supply the load 

during low vehicle speed (below 32 km/h). According to the comparison in Figure 3.15 

M/G2 operating alone will not produce the required output torque at the low vehicle 

velocities. For the case of negative torques applied to the vehicle, mechanical braking will 

absorb any negative torque requests that exceed the maximum negative torque capable of the 

M/Gs.  

 

Figure 3.16 – Tractive torque and vehicle velocity data with respect to new irw: 

calculated such that M/G2 needs to supply torque at low vehicle velocity.  

Furthermore, if M/G2 decelerates the vehicle without the aid of M/G1 a significant 

proportion of the negative torques requested from the vehicle will be expelled as waste heat. 
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Figure 3.16 displays the maximum brake torque with irw = 4.2. This gear ratio was 

determined according to M/G2 needing to supply a positive output torque of up to 850 Nm at 

the wheels. By the same consideration M/G2 is capable of absorbing all negative torques 

during deceleration of the vehicle as well. Having determined the drivetrain specifications 

for the Toyota Prius 2010 the investigation lead to determining the control strategy of the 

powertrain components. The following Section attempts to model the ICE operation based 

on the input fuel energy and output tractive energy to determine the operating points at the 

output shaft of the ICE. 

3.5.3 Toyota Prius ICE Operation 

Firstly using equation 3.7 the wheel speed of the Toyota Prius 2010 with respect to the wheel 

radius of Table 3.2 and the vehicle velocity of the measured data is determined in rad/s. 

Converting this to rpm and applying equation 3.18 (refer to Table 3.6) the ring gear speed of 

the PGS is determined. In the power-split topology of the Toyota Prius the ring gear is 

coupled to M/G2 of Figure 3.4 and is predominantly used as a motor [5]. Combining the 

measured ICE speed and calculated wheel speed into equation 3.15 the speed of the sun gear 

is determined. Figure 3.17 displays the resulting speeds calculated using equations 3.17 to 

3.21. The main reason for identifying the speeds at each port of the PGS is so the 

relationship of load torque to ICE torque is established. The next step is to determine the 

relative torque at each location in the drivetrain using the calculated speeds, the measured 

ICE fuel consumed, measured ESS output power and measured load power.  

 

Figure 3.17 – Operating speed at each identified location on the UDDS. 

Due to the coupling of the ICE to the PGS the ESS is continuously supplying or absorbing 

energy from the drivetrain. The summed difference between the ICE developed power and 
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the tractive power is dependent on the control strategy such that the ESS balances any 

discrepancy between the two. The issue is that the losses of the powertrain and drivetrain are 

unknown at each time interval and thus the input power of the ICE and ESS does not match 

the output power measured at the drive wheels. With the measured signals it is, however, 

possible to gain an idea of the control strategy based on the fuel consumption, ESS power 

output and tractive power since the following relationship from Section 2.2.6 holds: 
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Following on from equation 3.23 the measured fuel rate is in cubic centimetres per second 

(cc/s) and must be converted to kilojoules per second (kJ/s) using: 
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and 

WsJ 1.1       (3.25) 

In addition, the energy of the ESS is available from the test data by using the recorded 

voltage and current: 

essess
ess IV

dt

dE
       (3.26) 

Equation 3.23 to 3.26 establish that the measured tractive power (PL) is proportional to the 

combined fuel and ESS power and that from the relationship of equation 3.23 it is possible to 

determined when the ICE is supplying the majority of the load. Figure 3.18 shows the input 

and output power of the Toyota Prius 2010 with the fuel power and ESS power compared to 

the measured tractive power.  
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Figure 3.18 - Toyota Prius 2010 measured power consumption identifying input and 

output power (input = Fuel Power – ESS Power, output = Tractive Power). 

Interestingly during periods when the ICE is being fed some amount of fuel the positive 

tractive power exhibits a similar profile: the obvious difference between fuel power and 

tractive power being the losses of the drivetrain. On the other hand when the ESS is 

absorbing power there is a larger negative tractive power indicating the losses of the 

electrical network during regenerative braking. Two alternative periods are identified in 

Figure 3.19 and Figure 3.20.  

Firstly, Figure 3.19 observes periods of regenerative braking, ICE idle, hybrid, and ICE only 

operation which are identified by the flow of energy between the powertrain and drivetrain. 

Each of these operating modes is linked to the discussion presented in Section 2.2.6. 

Regenerative braking mode observes deceleration of the vehicle as a result of a negative 

torque applied to M/G2 (Figure 3.4). The tractive power measured at the wheels has a greater 

magnitude than the power measured at the ESS, both of which are negative for ESS 

charging. During this deceleration of the vehicle the ICE remains on, idling since the 

requested deceleration period or magntitude are not long enough or large enough to justify 

ICE shutdown. This then leads into a hybrid mode of operation with the ICE and M/G2 

supplying the tractive power for acceleration. M/G2 operation is assumed due to the torque-

speed coupling of the Toyota Prius, Figure 3.19 demonstrates the consumption of fuel energy 

and energy drawn from the ESS only. Then ICE only mode of operation observes 

acceleration of the vehicle at high vehicle velocity with no ESS energy charge/discharged. 

Figure 3.20 is an example of EV mode such that the ICE is off and all tractive power 

requirements are met using the ESS and presumably M/G2 [5].  
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Figure 3.19 – Evidence of the operating modes of the Toyota Prius 2010. 

 

Figure 3.20 – Evidence of the electric only mode of operation in the Toyota Prius 2010. 

From Figure 3.17 and Figure 3.19 the ICE on operation is identified by the ICE having a 

speed greater than or equal to idle or supplying a power proportional to the tractive power. 

This then leads to the consideration of when and how the ICE is being utilised relative to fuel 

consumption minimisation. As part of this analysis it is also possible to estimate the output 

torque of the ICE based on the measured signals and the identified operating modes. Due to 

the ESS continuously absorbing or supplying energy it is difficult to know when the Toyota 

Prius is operating in ICE only mode of operation. With the following assumptions, however, 

it is possible to estimate this mode of operation and therefore the output torque of the ICE. 
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ICE only when: 
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Equation 3.27 outlines the inequalities that determine if the ICE is supplying the tractive 

power. The tractive power (PL) measured at the wheels must be greater than zero, the speed 

of the ICE must be on and the power developed by the ICE (Pe) must make up the majority. 

The variable pe is a percentage of the total input power such that the ICE is supplying some 

minimum percentage of the total input power in order for it to be considered ICE only 

operation. Selecting pe equal to 90% with an estimated drivetrain efficiency of 90% and 

using equation 3.5 the ICE torque-speed data points are shown in Figure 3.21. Figure 3.21 

includes a potential torque-speed characteristic for the Toyota Prius 2010 ICE based on the 

technical specifications listed in Section 3.3.4. Figure 3.21 indicates that the ICE control 

follows some optimal operating line [91] due to the speed coupling of the PGS as discussed 

in Section 2.3.4 and identified by equation 3.15. The optimal operating line ensures that the 

requested load power from the ICE is being supplied at the most efficient operating torque 

and speed. This type of operation is further explained in Section 4.3.2. 

 

Figure 3.21 - Toyota Prius output torque-speed data points. 

It was originally thought that the negative torques shown in Figure 3.21 were due to the ICE 

cranking during start-up. Upon closer inspection of the available measured data it was 

determined that the negative torques (or negative power) is actually due to braking of the 

vehicle. Figure 3.22 identifies the start-up period of the ICE relative to the fuel, ESS and 

tractive power measurements. It seems that the ICE speed sensor does not begin measuring 
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until most of the ICE start-up transient is finished resulting in a speed of zero until the ICE is 

running.  

 

Figure 3.22 – Toyota Prius ICE start-up and shut-down operations.  

Additionally, when the EMS controller requests a large negative torque (i.e. braking) the ICE 

switches off, instantly switching the ICE speed sensor off. This operation is shown in Figure 

3.22. Another point to note from Figure 3.22 is that while the tractive power is zero there is a 

spike in the ESS power just before the 176
th
 second potentially indicating the power drawn 

from the ESS during ICE start-up. At the same time the measured speed is zero indicating 

that the speed sensor is off during the beginning of the start-up transient. This means that 

while fuel consumption and battery energy are included in the power measurements for start-

up of the ICE the individual transients are excluded. Therefore the torque-speed 

characteristic of Figure 3.21 relative to the inequalities of equation 3.27 indicates the 

operation of the ICE for positive power developed at the output shaft only and does not 

indicate torques acting on the ICE output shaft for ICE start-up. Alternatively to the strategic 

ICE operation the ESS operation balances any discrepancy between the ICE and requested 

load as discussed in the next Section. 

3.5.4 Toyota Prius ESS Operation 

From Figure 3.17 and Figure 3.18 the ICE operating speed, fuel and ESS power consumption 

suggest that the ICE is the primary propulsion device in the Toyota Prius. This means that 

the ICE provides the average tractive power while the ESS is supplying the transient tractive 

power in order to achieve more stable operation of the ICE and therefore reduced fuel 

consumption. In addition, Ehsani et al. [5] describes the use of the ESS to supply tractive 

power at low vehicle speeds in order to conserve fuel. This is evident in Figure 3.22 with the 
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ESS supplying the tractive power before ICE start-up where vehicle speed is low. The 

approximate vehicle speed in Figure 3.22 at which time the ICE has started is 16 km/h, while 

in Ehsani et al. [5] the ICE is reported to start between 24 to 32 km/h.  

Finally the ESS SOC is shown in Figure 3.23 along with the ESS cell temperature. Figure 

3.23 indicates that the SOC is maintained to some target SOC (SOCtarget) such as 60%, while 

the operating temperature over the UDDS rises by 0.36 °C. As a result of the temperature 

shown in Figure 3.23 it is considered that losses due to waste heat for the Toyota Prius ESS 

are minimal. It is also considered that ESS charge and discharge is reliant on the ICE 

operation and some algorithm that notifies the ICE controller of how much power to supply 

to maintain SOCtarget. This energy balance between the ICE, ESS and requested load power is 

discussed in further detail in Sections 4.2 and 4.3, and the algorithm for maintaining ESS 

SOC is described in Section 3.7.1. 

 

Figure 3.23 - Toyota Prius ESS SOC and operating temperature for the UDDS. 

3.5.5 Toyota Prius Component Efficiencies 

Having estimated the torque and speed operation of the ICE on the Toyota Prius and 

knowing that the ICE is utilised for average tractive power while the ESS is utilised for 

transient tractive power the efficiency of the drivetrain components reveals more details 

about the Toyota Prius EMS.  The aim for this Section with respect to identifying the test 

vehicles’ control strategy is to gain an idea of the efficiency of operation of the powertrain in 

order to replicate this in simulation. This then allows a comparison of input and output 

energies and the fuel consumed over the drive cycle for the measured and simulated 

quantities.  
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Overall Vehicle Efficiency 

Primarily the total fuel energy and total battery energy determine a starting point for 

comparison of the test benches with the existing vehicles.   
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For this analysis total energy consumed is the difference between fuel and ESS energy. This 

convention assumes that energy entering the ESS (charging) is a load for the ICE, while 

energy discharged from the ESS is supplying ‘free’ energy to satisfy the load. Identifying the 

consumption of energy in this manner allows for the losses of charging the ESS to be 

accounted for in the final efficiency. This is due to the consideration that fuel consumption is 

avoided when the ESS is discharged and increased when the ESS is charged. The result is a 

net energy consideration of the ESS in terms of fuel energy consumed. Therefore the 

negative ESS energy total indicates consumed ESS energy relative to the measured data. The 

overall efficiency is:  

)( essf
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Following the definition of equation 3.24 the fuel consumption for each of the vehicles is 

determined according to: 
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      (3.32) 

where FC is fuel consumption in L/100km, Ef is fuel energy in J, QHV is the heating value of 

the fuel in J/g, ρf the density of the fuel in g/L and d is the drive cycle distance (km) which is 

obtained as a summation of measured vehicle velocity: 
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As an example the total tractive energy required to drive the Toyota Prius over the UDDS 

profile is 1249.850 kJ, with 11797.676 kJ of fuel energy and -262.265 kJ measured at the 

ESS terminals. The total distance travelled by the vehicle on the UDDS is 11.97 km, and the 
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higher heating value of gasoline fuel is 42808 J/g with a density of 741 g/L. This results with 

a vehicle efficiency of 10.36% according to equation 3.31 and a fuel consumption of 3.10 

L/100km according to equation 3.32. 

Average Efficiency of Various Modes 

The individual accessory loads of the vehicle over the drive profiles are not included in the 

measured data. Here accessory loads are treated as losses of the vehicle such that varying the 

efficiency of operation of the powertrain and drivetrain components leads to a representation 

of any accessory loads used during the testing of the three vehicles. By ensuring that the 

simulation models match the input and output energy requirements of the measured data the 

accessory loading will be included as losses. Using the convention of equation 3.31 for the 

total energy consumed by the vehicle, Figure 3.24 provides the starting point for estimating 

the vehicle mode efficiencies on the Toyota Prius. Three specific modes of operation are 

identified in Figure 3.24; hybrid, electric and regenerative braking modes. 

 

 

Figure 3.24 - Tractive power versus total fuel and ESS energy. 

These modes are outlined in Table 3.7. Energy consumed from the ESS being negative and 

energy supplied to the ESS being positive with respect to fuel energy. The mode description 

indicates the input and output power of equation 3.31, with the remaining two columns 

identifying the data of interest for the respective quadrant in classifying the unknown data of 

Figure 3.24. The resulting operating modes are displayed in Figure 3.25 where it is noted 

that a large proportion of data is ignored due to the considerations of Table 3.7.  
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Table 3.7 - Component efficiencies identified using total input and output energy. 

Mode Mode Description Total Power Tractive Power 

Hybrid Accelerating ICE is primary 

power source. 

Therefore total 

power is greater 

than tractive power. 

(
∆𝐸𝑓,𝑖

∆𝑡𝑖
−
∆𝐸𝑒𝑠𝑠,𝑖
∆𝑡𝑖

) > 0 𝑃𝐿 > 0 

EV Accelerating ESS is primary 

power source. 

Therefore 

discharged power is 

greater than tractive 

power. 

(
∆𝐸𝑓,𝑖

∆𝑡𝑖
−
∆𝐸𝑒𝑠𝑠,𝑖
∆𝑡𝑖

) ≤ 0 

 
∆𝐸𝑓,𝑖

∆𝑡𝑖
= 0 

𝑃𝐿 > 0 

Regenerative Braking Deceleration of 

vehicle is primary 

power source. 

Therefore tractive 

power is greater 

than charged power. 

(
∆𝐸𝑓,𝑖

∆𝑡𝑖
−
∆𝐸𝑒𝑠𝑠,𝑖
∆𝑡𝑖

) > 0 

 
∆𝐸𝑓,𝑖

∆𝑡𝑖
= 0 

𝑃𝐿 ≤ 0 

 

This analysis therefore excludes expenditure of energy during the transition from one mode 

to another as well as at zero tractive power leading to a much greater efficiency. As a result, 

the calculated average efficiency may reflect that of the propulsion devices during the 

identified modes of operation. For each quadrant identified by Figure 3.25 the total numbers 

of data points in each quadrant that have been included are listed in Table 3.8. The reasons 

not all data points are included are due to the inequalities of Table 3.7.  

There are two possible causes for mismatch. Firstly, the measured data may be recorded 

during transient operations of the vehicle and therefore mismatched due to the delay between 

each vehicle component. For example when a propulsion device begins to drive the vehicle it 

will take a noticeable delay (up to 0.5 seconds) for the response to be received at the wheels 

of the vehicle. This delay inhibits the accuracy of equation 3.31 in using the data due to the 

transient nature of the drive cycle. Secondly, ICE power developed does not match the 

tractive power developed due to the charge/discharge of the ESS, associated losses or 

accessory loading. In addition, the drive cycle contains frequent transients and therefore 

increased potential for mismatch of measured data at the input and output. 

Table 3.8 - Total number of data points considered in analysis of Figure 3.25. 

Mode Total Data 

Considered 

Actual Data Percentage of 

Total 

Hybrid Accelerating 3672 3560 25.72% 

EV Accelerating 3201 2974 21.49% 

Regenerative Braking 3094 2300 16.62% 

Total Data 13841 8834 63.82% 
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Figure 3.25 displays the gradients of each of the three modes of operation. These gradients 

are relative to equation 3.31 such that the efficiency of operation between tractive power and 

total power are demonstrated. Due to the exclusion of some of the data not all energy 

expended by the vehicle is included and thus overall efficiency is not proportional to the 

efficiencies identified by the gradients. Figure 3.25 does, however, provide an insight into 

the average efficiency of each mode. Hybrid mode with ICE and ESS energy consumed 

leads to an average efficiency of 28.78%, while electric only mode of operation is 61.87% 

efficient. Inverting the gradient of regenerative braking mode the efficiency is 79.45% for 

those data points considered. The low efficiency of operation for the EV mode at 61.87% is 

reflective of the primary use of the stored energy in the ESS. The zero emissions mode of 

operation occurs at low vehicle speed (V < 32km/h), accelerating the vehicle to a speed 

where the ICE is allowed to start. M/G2 output speed is proportional to the vehicle speed 

such that low vehicle speeds may lead to low efficiency of operation for M/G2.  

 

Figure 3.25 - Tractive power versus total fuel and ESS energy; separated into three 

modes of operation. 

The efficiencies of these modes of operation as identified in Figure 3.25 are similar to those 

expected in literature [55]. With respect to the total data points of Table 3.8, 64% are 

included in the efficiencies of Figure 3.25, indicating that for 64% of the UDDS drive cycle 

the vehicle is operating at efficiencies around those identified. The additional losses in the 

remaining 36% of the UDDS drive cycle (as outlined in Table 3.8) leads to the final average 

efficiency of 10.36%. This highlights the potential for investigation into the additional losses 

experienced by EMS, however, without further information from the existing vehicles this 

investigation must focus on EMS optimisation of the defined operations (i.e. 64% Table 3.8).  
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ICE Operation – Fuel Flow Rate 

Following the total power versus tractive power additional ICE operation is supported by the 

fuel flow rate versus tractive power. Figure 3.26 identifies that for tractive power above 10 

kW the ICE is continuously operating. Figure 3.26 also suggests that the ICE idling during 

negative tractive power is a result of deceleration from higher vehicle speeds. Once the 

vehicle speed falls below a certain threshold such as that identified by Ehsani et al [5] the 

ICE shuts down again. This may also be the case for large negative torques requested from 

the EMS controller as identified in the discussion of Figure 3.19. The negative tractive 

power for which the ICE is already shutdown can be attributed to the ICE not starting up in 

the first place or the ICE shutting down once the SOC of the ESS is high (i.e. greater than the 

SOCtarget). 

 

Figure 3.26 - Fuel flow rate with respect to tractive power. 

ICE Efficiency Characteristic 

Combining the torque-speed data of Figure 3.21 with the corresponding input fuel data of 

Figure 3.26 the efficiency of operation for the ICE at different torque and speeds is 

approximated. This relies on the assumption that the drivetrain is 90% efficient between the 

output of the ICE and the driven wheels as outlined in Section 3.5.3. Figure 3.27 compares 

the efficiency of converting fuel energy to mechanical energy using the Toyota Prius ICE at 

varying torque and speed for the hybrid mode of operation identified in Table 3.8. Note that 

3307 data points of the total 3560 data points are used to generate Figure 3.27. The exact 

values of efficiency at each torque and speed according to the analysis of Section 3.5.5 may 

result in unrealistic efficiencies, however, the shape of the data with respect to the torque and 

speed confirms a pattern for the operational efficiency of the ICE.  
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Figure 3.27 – Toyota Prius 2010 ICE efficiency of operation at varying torque and 

speed on the UDDS. 

Firstly, the efficiency versus speed of Figure 3.28 identifies that at speeds around idle the 

output power compared with input power is generally low. The higher efficiency points 

(circled data in Figure 3.28) are possibly due to the mismatched data (Section 3.5.5), e.g. 

ESS supplying a larger percentage of the tractive power than the power that was recorded at 

the time or due to the unknown efficiency of the drivetrain. On the other hand output 

efficiency at higher ICE speed is around 25% which supports the performance map of Figure 

3.21 where efficiency of operation increases at higher ICE speed. At the midsection of the 

ICE operation between 1500 to 2000 rpm the ICE seems to have greater average efficiency 

than at either speed extreme (idle or max speed). 

 

Figure 3.28 – Toyota Prius 2010 ICE efficiency of operation with respect to output 

speed on the UDDS. 
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Following the comparison of ICE speed, the ICE torque also supports the performance map 

of Figure 3.21. Increasing fuel consumption leads to increasing efficiency and therefore a 

greater percentage of the fuel energy is converted to output torque.  

 

Figure 3.29 – Toyota Prius 2010 ICE efficiency of operation with respect to output 

torque on the UDDS. 

The ICE efficiency identified by Figure 3.27 to Figure 3.29 is only an estimate and it is more 

the characteristics relative to a potential performance map that are being examined. The data 

can, however, be separated into approximate categories to determine a potential average 

operating efficiency according to the load placed on the ICE during the tested drive cycle. 

Figure 3.30 indicates the percentage of total data points that exhibit an operating efficiency 

less than some threshold efficiency ηe, indicated on the x-axis. For the point of this 

discussion 35% is near optimal efficiency, identifying an upper limit for ICE operation. 

Figure 3.30 concludes that the ICE efficiency is below the mid-point (e.g. ηe = 20%) 33.90% 

of the time and that the majority of operating points are below the optimal ICE efficiency 

having 66.28% of operation below 25% as determined in this analysis. Therefore average 

ICE operating efficiency can be improved by increasing the average torque and speed 

requested. This supports the consideration of high efficiency control of the ICE for improved 

average efficiency of the EMS in HEV and PHEV as featured in Chapters 4 and 5. 
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Figure 3.30 - Identifying characteristics of ICE operating efficiency. 

3.6 Vehicle Component Models 

The following Section defines the component models featured in the ADVISOR software 

package. The models are outlined in terms of general component characteristics such that the 

reader can replicate the overall results presented in this thesis. Here the electrical and 

mechanical losses are defined with respect to the ICE, M/G, ESS and drivetrain. The models 

presented here are largely based on the predefined models utilised in the ADVISOR software 

[49]. Within the ADVISOR software both electrical and mechanical losses include energy 

transfer losses with some additional considerations. Additional electrical losses include 

conversion losses, while additional mechanical losses include rotational inertia losses and 

slip. Each model is representative of the data presented in the previous Sections of this 

Chapter. 

3.6.1 Internal Combustion Engine 

Energy conversion losses of the ICE are incorporated using the performance map similar to 

the efficiency contours of Figure 3.21. The output torque and speed requested from the ICE 

is matched to a particular efficiency or fuel consumption rate from a look-up table. This 

allows the model to calculate approximate fuel consumption for varying drive profiles. The 

model checks the current settings of the drivetrain to determine the available ICE torque and 

then compares this against the requested torque. This comparison is the inclusion of the 

backward-forward facing approach to simulation as discussed in Section 3.2.3. Such models 

as discussed in Section 3.2 are considered accurate in representing whole systems, however, 

they omit transient responses that are otherwise present in real-world systems [157]. For 
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example the model interpolates two vectors of varying length one for output speed and 

another for output torque. 
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With ωen>…>ωe2>ωe1 and Tem>…>Te2>Te1 referencing an array of size n by m having fuel 

consumption rate or efficiency data recorded from operation of the ICE at the respective 

values of torque and speed. 
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Each torque and speed relative to the fuel consumption rate is interpolated linearly to allow 

for the consideration of fuel consumption at all points in between those defined by equations 

3.33 and 3.34. In addition, the input energy required for the ICE is modified by an inertial 

component such that the torque requested from the ICE includes the excess torque required 

to overcome any variation in speed.  

dt

d
JTT e

eee


 *

     (3.35) 

Where *

eT  is the requested torque, Je is the inertial constant for the ICE  and Te and ωe are 

the torque and speed output from the ICE as featured in equations 3.33 and 3.34. The 

resulting torque of equation 3.35 is used to determine the torque referenced for the look-up 

table of equation 3.34, with the resulting fuel consumption rate determining the 

instantaneous input power requirement of the ICE. The model is also influenced by 

temperature such that increased fuel consumption results from the ICE operating at cold start 

[49].  

HfCf mm ,,
       (3.36) 

where  

 z  1      (3.37) 

and  
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Equation 3.36 indicates that all measurements for ICE operation in the ADVISOR software 

occur during ‘hot’ conditions with ṁf,H being the fuel consumed during ‘hot’ operation of the 

ICE (i.e. ṁf,C is the fuel consumption during ‘cold’ operation after scaling). A factor γ is used 

to normalise the operation according to the calculated temperature. The factor γ is varied 

according to the coefficient λ as identified in 3.38 and can be further scaled by the power z 

(equation 3.37). For scaling of fuel consumption z equals 1, however, for other 

characteristics of the ICE such as HC, NO or CO emissions z exhibits varying values 

determined from experimental data. Ttstat is the threshold thermostat temperature of the ICE 

for which the vehicle is considered to be operating at hot or cold temperatures. For this 

study, only the effect of temperature on fuel consumption is considered since the emissions 

data of the three test benches is not available. 

3.6.2 Motor/generator 

Similar to the ICE, the M/G has a look-up table for the efficiency of operation with respect 

to the torque and speed. 
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Leading to:  
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where *

/ gmP  is the requested output power, Jm/g is the rotational inertia factor representing 

inertia of the rotor and ηm/g is the efficiency of the M/G. While the operating temperature of 

the M/G is determined as a function of output power and vehicle speed in the model, it does 

not influence the required input power [49]. Additionally, the backward/forward facing 
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approach to simulation is utilised in determining the limits of the M/G (available output 

torque and speed) in meeting the requested load as discussed in Section 3.2.3. 

3.6.3 Energy Storage System 

The model referred to is an open circuit voltage source with an internal resistance of the 

ESS. Leading to a discharge power of: 

int

2 RIIVP essessOCess        (3.42) 

 

Figure 3.31 - Simple ESS model showing the open circuit voltage source and internal 

resistance. 

This simple circuit allows for varying open circuit voltage levels in the source, as well as 

varying internal resistance according to the SOC, temperature and whether the ESS is 

charging or discharging. Look-up tables for Voc and Rint with respect to the SOC and 

temperature are defined similar to the ICE and M/G. In addition, the coulomb efficiency of 

the ESS is considered for the power requirement for charging the ESS, such that energy 

stored in the ESS is reduced by the proportional coulomb efficiency in calculating the SOC. 
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Iess is current drawn/absorbed by the ESS, *

essI  is the requested signal and ηc is a constant 

representing the coulomb efficiency. Here the coulomb efficiency is applied once since it is a 

ratio of the amount of energy sent to the battery with respect to the amount of energy 

available from the battery after charging has occurred. Finally SOC is calculated as: 

totaless

usedesstotaless

E

AhVE
SOC

,

, 
     (3.44) 

Equation 3.44 utilises the integral of the current to determine the Ahused, such that positive Iess 

current is drawn from the ESS and negative Iess current is absorbed by the ESS.  
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3.6.4 Drivetrain Losses 

Relative to the mechanical losses identified above the drivetrain losses include transfer of 

energy (performance map), rotational inertia and slip losses. For automatic and manual 

transmissions a performance map identifies the energy transfer losses between the propulsion 

device and the driven wheels. The PGS on the other hand is considered an ideal mechanical 

coupling with rotational inertia and slip contributing the losses. Two general equations for 

drivetrain losses are: 

 outout

out
out

in
Ti

dt

d
JT

T




,



      (3.45) 

And 

  outin si   1      (3.46) 

where Tin and ωin are the input and Tout and ωout are the output torque and speed of drivetrain 

components, J is a constant rotational inertia, η is the efficiency with respect to the output 

torque and speed, s is the slip percentage and i represents any potential gear ratio that exists 

between the input and output of the device (e.g. equalling 1 for any direct coupling). 

Equation 3.45 and 3.46 determine general energy losses for any clutch, torque coupling, 

transmission, final drive and wheels. 

3.6.5 Vehicle Specifications 

From the analysis discussed in Sections 3.4 and 3.5 further specifications of the three test 

benches have been determined. The relative powertrain and drivetrain setup for each test 

bench was built in ADVISOR as discussed in Sections 3.2 and 3.3 with the powertrain 

specifications of Table 3.1. Simulating the vehicles for input and output energy 

considerations as calculated in Section 3.5 the parameters of Table 3.9 are refined through 

trial and error. In particular, it is possible to match the energy requirement for aero dynamic 

drag and rolling resistance in simulation to the total tractive power requirement of the 

vehicles. This comparison allowed for the accurate calculation of the rolling resistance 

coefficient, coefficient of aerodynamic drag and frontal area of the vehicle as represented in 

equation 3.1. While Section 3.4 determined that the tractive power of the measured data does 

not include a rolling resistance it was found that a small rolling resistance included in the 

ADVISOR simulation improved the error when compared to the measured tractive energy 

requirement of the vehicles. Due to equations 3.19 to 3.21 for the PGS only the numbers of 

teeth on the sun and ring gear are required. 
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Table 3.9 - Test bench simulation parameters determined from analysis of measured 

data. 

Parameter Toyota Prius 2010 
Hyundai Sonata 

Hybrid 2011 
Honda CR-Z 2010 

Gear Ratios S:30, R:78 
[4.22, 2.64, 1.77, 

1.35, 0.98, 0.75] 

[3.62, 2.09, 1.44, 

1.16, 0.94, 0.76] 

Final Drive Ratio 4.2 3.08 3.21 

Initial Conditions Hot Start Hot Start Hot Start 

Vehicle Mass (kg) 1531 1701 1329 

Wheel Radius (m) 0.287 0.287 0.275 

Rolling Resistance 

Coefficient 
0.0024 0.004 0.00648 

Coefficient of 

Aerodynamic Drag 
0.3 0.24 0.25 

Frontal Area (m
2
) 1.745 1.835 2.427 

Fuel Density 741 742 742 

 

The results of Section 3.8 determine acceptable correlation of the measured and simulated 

models. Before demonstrating the three test benches the control strategies utilised in 

modelling the three vehicles are described. 

3.7 Test Bench Control Strategies 

Here the original controllers for the Toyota Prius 2010, Hyundai Sonata Hybrid 2011 and 

Honda CR-Z 2010 vehicles are defined ready for comparison with the developed controllers 

presented in Chapters 4 and 5. The vehicle configuration and powertrain ratings limit the 

control strategy the three test benches are capable of employing. The parallel configuration 

of the Hyundai and Honda when compared to the power-split configuration of the Toyota 

Prius, limit the flexibility in controlling the ICE. In the parallel configuration the ICE is 

directly coupled to the driven wheels which results with a lower average ICE efficiency. The 

Hyundai and Honda therefore have greater average fuel consumption for standardised drive 

cycles due to the limited flexibility in control. The performance resulting from the Hyundai 

and Honda is discussed in Section 2.4.2. In addition, the low power rating of the Honda leads 

to the ICE being on for all requested loads limiting the potential for fuel savings.  

The control strategies of the three test benches seem to follow equivalent consumption 

minimisation strategy as considered from the analysis of Section 3.4 and 3.5. Due to the 

unknown parameters considered in the equivalent consumption minimisation strategy and 

therefore the exact ICE and ESS operating times the authors decided to utilise a set of rules 

to represent the original control strategy based on the analysis completed in Section 3.4 and 

3.5. By comparison of the simulated signals with the measured signals as shown in Section 
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3.8, and the input and output energies of the vehicles the developed models demonstrate 

acceptable representations of the real-world vehicles. 

3.7.1 Original Control Strategies 

The ICE and M/Gs for each vehicle have been utilised to balance requested load according 

to: 

gmeL PPP /       (3.47) 

Equation 3.47 indicates that when the ICE does not supply the full load the M/Gs combine 

with the ICE in hybrid mode. On the other hand when the ICE produces more power than the 

load the M/G absorbs energy to recharge the ESS. In the Hyundai and Honda the ICE torque 

is restricted by some percentage of the maximum brake torque the ICE can produce. This 

constraint ensures that the ICE operates at a minimum output torque in order to conserve 

fuel.  Such a control strategy works in two ways; when requested torque is low and the SOC 

of the ESS is high the M/G can supply the load. Alternatively, the ICE operates at the 

minimum torque supplying the load and charging the ESS when the SOC is low. Table 3.10 

identifies the control rules for the Hyundai and Honda test benches based on the described 

constraints. The measured signals are highlighted in bold type in Table 3.10. V is the vehicle 

velocity, SOC is the measured SOC, *

eT  is the requested ICE torque and *

/ gmT  is the 

requested M/G torque. The inequalities of the input signals in Table 3.10 define the 

thresholds for when the respective outputs will be set for *

eT  and *

/ gmT . The constants pe,min 

and pe,opt are percentages of maximum brake torque the ICE can develop while pm/g,max limits 

the maximum brake torque the M/G can produce as a percentage of maximum brake torque. 

In addition to the torque constraints of the ICE, VZEV determines the vehicle speed threshold 

below which the two test benches operate as electric vehicles. Each of the rules of Table 3.10 

holds as long as the SOC remains between the high and low limit. As an example if the 

vehicle velocity is greater than VZEV and the requested load torque ( *

LT /ig) is less than 

Te,maxpe,min then *

eT  is set to 0 and *

/ gmT  is set to *

LT /igk1, where k1 represents the gear ratio 

between the input of the final drive and output of the M/G. 
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Table 3.10 - Hyundai Sonata Hybrid 2011 and Honda CR-Z 2010 control rules. 

Input Signals Output Signals 

Vehicle Velocity (V) SOClow<SOC<SOChigh 
ICE Torque 

Request ( *

eT ) 

M/G Torque 

Request ( *

/ gmT ) 

V≤VZEV 

*

LT /ig <Te,maxpe,min 0 *

LT /igk1 

*

LT /ig >Te,maxpe,min 
*

LT /ig 0 

V>VZEV 

*

LT /ig <Te,maxpe,opt Te,maxpe,opt 
(Te,maxωepe,opt-

*

LT

ωL)/ωm/g 

*

LT /ig >Te,maxpe,opt Te,maxpe,opt 
( *

LT ωL-

Te,maxωepe,opt)/ωm/g 

V>0 

*

LT /igk1<Tm/g,maxpm/g,max 0 *

LT /igk1 

*

LT /igk1>Tm/g,maxpm.g,max 
*

LT /ig-

k1Tm/g,maxpm/g,max 
Tm/g,maxpm/g,max 

 

Due to the PGS of the Toyota Prius the ICE is restricted to the optimal operating line having 

a unique speed ratio for optimal operating efficiency at any load power requested [91]. This 

control strategy in combination with the rules of Table 3.11 describes the main control 

strategy of the Toyota Prius 2010. 

Table 3.11 - Toyota Prius 2010 control rules 

Input Signals Output Signals 

SOC Vehicle Velocity (V) 
ICE Power Request 

( *

eP ) 

M/G Power 

Request ( *

/ gmP ) 

SOC>SOCtarget 
V >VZEV *

LP  0 

V ≤VZEV 0 *

LP  

SOC≤SOCtarget 
V >VZEV 

*

LP + *

chgP  Pchg
*
 

V ≤VZEV 0 *

LP  

 

For the ADVISOR software a general algorithm to determine the optimal operating line is 

featured as follows. Algorithm 3.1 assumes that the M/G1 torque and speed range is high 

enough to accommodate the ICE operating torque and speed at any power request. In the 

case that M/G1 has a torque or speed constraint this must be included in the torque and speed 

ranges maximum and minimum values for the system. 

Algorithm 3.1: Optimal operating line of ICE (Adapted from the ADVISOR software 

[49]) 

1: define resolution 

2: get ( eT , e ) // eT  and e  are vectors with the lengths m and n containing the ICE torque 

and speed ranges 
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3: Create array eP = e × eT  //This array is the ICE output power, indexed horizontally by eT  

and vertically by ωe having dimensions n by m. 

4: define array ineP , = fm (Te, ωe)×QHV //fuel consumption rate map in g/s and lower heating 

value of the fuel in J/g. fm  is indexed horizontally by eT  and vertically by e  and is a 

pre-existing array in the ICE control unit for estimating fuel consumption relative to 

output torque and speed. 

5: define array e = eP ./ ineP ,  //element-wise division of the two arrays which maintains the 

horizontal and vertical index for eT  and e  respectively. 

6: define ωe,min = min(ωe), and ωe,max = max(ωe). 

7: define mape,  = [ωe,min: ((ωe,max- ωe,min)/resolution): ωe,max]. //defines a new vector for the 

ICE speed with the defined resolution, interpolating the measured speeds. 

8: define mapeT max,  = interp1( e , Te,max, mape, ) //interp1(… ,… ,… ) is a MATLAB 

function that interpolates the values of the second vector Te,max (which originally has the 

same number of elements as the first vector e ) to match the same number of elements as 

the third vector mape, . This means that mapeT max,  is now indexed by mape,  with total 

number of elements equal to resolution. Note that the maximum and minimum values of 

the first and third vectors must be the same as defined at 6 and 7. 

9: define max,eP  = mapeT max, .* mape,  //defining the maximum power output by the ICE at 

each speed in mape, . 

10: define Pe,min = min( eT  )* ωe,min. //minimum power for each case should be zero due to the 

ICE operating as a motor only. 

11: define mapeP ,  = [Pe,min: ((Pe,max- Pe,min)/resolution): Pe,max] //defines a new vector for the 

ICE output power that can be indexed by the previously defined mape, . 

12: define count_Pe,map = length( mapeP , ) - 1 //length is a MATLAB function that returns the 

length of a vector. 

13: define count_ωe,map = length ( mape, ) – 1 

14: for Pe,map_index = 1 to count_Pe,map do { 

15:  mapPeeT ,,  = mapeP , (Pe,map_index)./ mape,  //calculate torques at power levels for each 

speed of mape, . 

16: mapPeeT ,,  = min( mapPeeT ,, , mapeT max, ) //check that all calculated torques are below the 

maximum torque for each speed in mape, . 

17: Te,Pe,map = max( mapPeeT ,, , min( eT  )) //check that all calculated torques are above the 

minimum torque the ICE is known to develop for each speed in mape, . 

18: for ωe,map_index = 1 to count_ωe,map do 

19: indexmapee _,, (ωe,map_index) = interp2( e , eT , 
T

e , mape, (ωe,map_index),  
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mapPeeT ,, (ωe,map_index)) //interp2(… ,… ,… ,… ,… ) is a MATLAB function 

that interpolates the elements of an array (third entry 
T

e , with dimensions 

equivalent to the first ( e ) and second entry ( eT )) outputting an array with a 

larger number of elements (determined by the dimensions of the fourth (

mape, (ωe,map_index)) and fifth ( mapPeeT ,, (ωe,map_index))) entries). 

20: end for 

21:  ηe,ωe,map_index_max = max(ηe,ωe,map_index) 

22:  normindexmapee __,, = ηe,ωe,map_index_max ./ indexmapee _,,  //provides a means for checking 

the optimal efficiency of operation at some power in mapeP , . 

23:  ωe,best_index = min(find( normindexmapee __,, =min( normindexmapee __,, )) //find(…=…) is a 

MATLAB function that returns indexes of the left hand side vector that satisfy the 

conditions specified in the input to the function. 

24:  besteT , (Pe,map_index) = mapPeeT ,, (ωe,best_index) //record the optimal torque @ mapeP ,  

(Pe,map_index) 

25:  beste, (Pe,map_index) = mape, (ωe,best_index) //record the optimal speed @ mapeP ,  

(Pe,map_index) 

26: end for 

27: Pe,max_index = min(find( max,eP =max( max,eP ))) 

28: opteP ,  = [0 Pe,map(1: count_Pe,map) Pe,max(Pe,max_index)] 

29: opte,  = [ωe,best(1) beste,  mape, (Pe,max_index)] 

30: opteT ,  = [0 besteT ,  mapeT max, (Pe,max_index)] 

Equation 3.48 identifies the vectors resulting from Algorithm 3.1: 
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 (3.48) 

With ωe,opt-i>…>ωe,opt2>ωe,opt1, Te,opt-i>…>Te,opt2>Te,opt1, Pe,opt-i>…>Pe,opt2>Pe,opt1 and i is the 

length of the vectors as defined by resolution in algorithm 3.1. With the definition of 

algorithm 3.1 the EMS controller uses the resulting vector combination as a look-up for the 

optimal torque (Te,opt) and speed (ωe,opt) at the requested power (Pe,opt) from the ICE. 

)()( ,, LopteeLopte PTTPP   and )(, Loptee P    (3.49) 

PL is entered into opteP ,  to determine the index for selecting the desired speed of the ICE. 

Once the ICE speed is determined the torque can either be calculated or selected from the 
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optimal torque vector defined in equation 3.48. Table 3.12 outlines the selected values for 

the control strategies defined in Table 3.10 and Table 3.11. ICE idle speed, target SOC, 

velocity for zero emissions vehicle mode, ICE downshift and upshift, motor torque limit, 

ICE minimum torque, and ICE optimal torque control parameters are determined from the 

analysis in a similar fashion to that discussed in in Sections 3.4 and 3.5 for the three test 

benches. The ESS SOC limits are based on the pre-existing constraints in the ADVISOR 

software models. 

Table 3.12 - Test bench control strategy parameters. 

Control 

Parameter 
Symbol 

Toyota Prius 

2010 

Hyundai 

Sonata Hybrid 

2011 

Honda CR-Z 

2010 

ICE Idle Speed 

(rpm) 
ωidle 1200 700 898 

High SOC 

Limit (%) 
SOChigh 75 70 80 

Low SOC Limit 

(%) 
SOClow 45 60 20 

Target SOC 

(%) 
SOCtarget 60 N/A N/A 

ICE minimum 

SOC limit 
SOCICE 50 N/A N/A 

Velocity for EV 

mode (km/h) 
VZEV 45 18 0 

ICE Downshift 

Speed (rpm) 
ωdwn N/A 797 1260 

ICE Upshift 

Speed (rpm) 
ωup N/A 1500 2160 

Motor Torque 

Limit (%) 
pm,max 100 100 32 

ICE Minimum 

Torque (%) 
pe,min N/A 20 N/A 

ICE Optimal 

Torque (%) 
pe,opt N/A 60 N/A 

HEV Type - Full Mild Micro 

 

3.8 Model Verification 

In order to demonstrate the accuracy of the developed test benches in the ADVISOR 

software the input and output efficiencies, overall efficiency and fuel consumption from 

simulation are compared against the measured data. The three test benches were verified on 

two drive cycles, the UDDS and the HWFET for which the measured data is available [118]. 

In addition, the simulated and measured signals are compared over time to show similar 

component operation. 
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Table 3.13 compares the results for the three test benches. The error in the fuel consumption 

is 3.87% more on the UDDS drive cycle suggesting that the simulated model consumes more 

fuel energy than indicated by the measured data. This error resulted from the Toyota Prius 

control strategy being required to find a balance between operation during city (UDDS) and 

highway (HWFET) driving scenarios.  However, the maximum error of 3.87% demonstrates 

the low error in the simulated model when compared to the measured data. 

Comparison of the operating signals (measured and simulated) on the standardised drive 

cycles suggests that the three vehicles are operating as required. Signals compared include 

the wheel speed, tractive power, ICE speed, total fuel energy consumed, ESS SOC and ESS 

power output for each of the vehicles. Again rather than including all the signal comparisons 

at this point in the thesis only the Toyota Prius 2010 signals are shown for the UDDS, the 

compared signals for the Hyundai Sonata Hybrid 2011 and Honda CR-Z 2010 are found in 

Appendix A.1.  

Uncertainty of the control strategy utilised is evident in the ESS SOC and ESS power output 

of Figure 3.33 and Figure 3.37. Due to the rule based controller representing the original 

controller of the Toyota Prius there is a noticeable difference between the charge and 

discharge of the measured and simulated ESS data. The correlation of the wheel speed for 

simulated and measured signals in Figure 3.32 does not suggest that the selected wheel 

radius is the same as the actual Toyota Prius 2010 wheel radius. It does, however, 

demonstrate that the simple speed conversion from vehicle speed to wheel speed can be 

assumed to have the same ratio. The main point to consider is the ratio between the ICE and 

wheels since this determines the relationships for torque and speed. The analysis of Sections 

3.4 and 3.5 in determining the ratio between the ICE and wheels is essential in realistically 

representing the vehicles in simulation. While the selected wheel radius, final drive and PGS 

ratios may not be individually correct, the comparison of ICE speed, fuel consumption and 

tractive power (Figure 3.34, Figure 3.35 and Figure 3.36 respectively) indicates that the 

overall ratio is similar in the simulated vehicle. 
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Table 3.13 - Comparison of simulated and measured data. 

Drive Cycle Component Parameter 
Toyota Prius 2010 Hyundai Sonata Hybrid 2011 Honda CR-Z 2010 

Measured Simulated Measured Simulated Measured Simulated 

UDDS 

Tractive Energy (Aero + 

Rolling) (kJ) 
1249.850 1257.000 1460.037 1494.017 1880.040 1879.193 

Energy Used (Fuel Energy 

– ESS Energy) (kJ) 
12059.941 12182.495 18816.294 18802.500 23035.423 23081.07 

Overall Efficiency (%) 10.36 10. 31 7.76 7.95 8.16 8.14 

Fuel Consumption 

(L/100km) 
3.10 3.22 4.92 4.89 6.04 6.06 

HWFET 

Tractive Energy (Aero + 

Rolling) (kJ) 
3332.530 3275.794 3430.303 3357.123 4037.890 4378.479 

Energy Used (Fuel Energy 

– ESS Energy) (kJ) 
17655.660 17188.000 21174.387 21078.79 23760.145 23243.05 

Overall Efficiency (%) 18.88 19.06 16.20 15.93 16.99 18.84 

Fuel Consumption 

(L/100km) 
3.36 3.29 4.05 4.04 4.48 4.41 
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Figure 3.32 - Toyota Prius 2010 wheel speed - simulated versus measured signals 

operating on the UDDS.  

 

Figure 3.33 - Toyota Prius 2010 ESS SOC - simulated versus measured signals 

operating on the UDDS. 

 

Figure 3.34 - Toyota Prius 2010 ICE speed - simulated versus measured signals 

operating on the UDDS. 
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Figure 3.35 - Toyota Prius 2010 fuel energy consumed - simulated versus measured 

signals operating on the UDDS. 

 

Figure 3.36 - Toyota Prius 2010 tractive power - simulated versus measured signals 

operating on the UDDS.  

 

Figure 3.37 - Toyota Prius 2010 ESS power output - simulated versus measured signals 

operating on the UDDS. 
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3.9 Summary of ESV Modelling 

For the modelling presented in this thesis three test benches are developed in the ADVISOR 

software package, which is a MATLAB/Simulink add-on. This software conforms to the 

backward-forward facing approach to simulation. This means that it considers both 

backward and forward facing simulation techniques when evaluating the models. The 

forward facing approach is more accurate than the backward facing approach for real-time 

simulation, however, the forward facing approach takes a significant amount of time to 

simulate. For the ADVISOR model the backward facing elements determine the required 

input signals and thereby the input energy consumed during driving. The forward facing 

elements enforce the constraints of the components for driving whilst ensuring that the 

vehicle meets the required trace speed during driving. The backward/forward facing 

approach to simulation has proven accuracy, is utilised by a number of researchers and is 

much faster than the forward facing approach alone. 

Data obtained from the Downloadable Dynamometer Database at Advanced Powertrain 

Research Facility in the Argonne National Laboratory is analysed to confirm the 

specifications of the vehicles and to define the existing vehicles’ control strategies. Firstly 

the measured tractive power requirement is compared against a known method for tractive 

power calculation. The results from this comparison suggested that the chassis dynamometer 

does not include components for rolling resistance or inertia of the moving mass of the 

vehicle (mass factor equal to unity). This measured data is not a fair comparison to the real-

world conditions of driving, however, the data reflects the operation of the vehicles over a 

defined drive profile. Therefore creating a model based on this measured data serves as a 

bench mark for comparison of different methods of control. The only difference being that 

the tractive energy requirement (i.e. output power) is less when it comes to the chassis 

dynamometer as compared with a real-world scenario. 

After defining the mechanical coupling between the ICE and driven wheels it is possible to 

compare approximate output power of the propulsion devices to the measured input for 

increased understanding of the control strategy. In comparing energy supplied and consumed 

by the powertrain and drivetrain of the vehicles, measured ESS energy is subtracted from 

measured fuel energy. This convention ensures that energy sent to the ESS and losses 

induced by charging the ESS are accounted for as part of the ICE loading. This comparison 

is demonstrated for the Toyota Prius, distinguishing modes of operation and potential 

average efficiencies of operation. For the Toyota Prius hybrid, electric and regenerative 

braking modes of operation are identified having average efficiencies of 28.78%, 61.87% 

and 79.45% respectively. Operation during these modes does not represent the overall 

efficiency of the vehicle at 10.36% on the UDDS, however, it suggests that significant losses 
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are introduced by accessory loads, ESS SOC maintenance and transient operations of the 

vehicle.  

Further analysis of the modes of operation reveals that mismatch exists between signals 

measured at input and the signals measured at output. Possible causes identified include time 

delay between input and output and the high number of transient operations. Therefore the 

individual operations of the vehicle as measured by the sensors are somewhat inhibited due 

to the real-world dynamics of the vehicle. According to the separation of modes in Section 

3.5.5, 63.82% of the measured data over the UDDS resembles conditions expected by each 

of the modes of operation. This means that 36.18% of the total measured data is received 

during a transition from one mode to the next or during large transient operations of the 

vehicle. The measured transients are therefore an approximate representation of the vehicles 

operations. The consideration for mismatch is relative to the time at which each 

measurement is taken and therefore overall quantities such as efficiency or fuel consumption 

are acceptable bench marks for comparison of the simulated and measured data. Examining 

the measured data through the analysis completed in this Chapter does, however, confirm the 

following about the three existing vehicles’ controllers: 

 The ICE starts once the vehicle has accelerated above some minimum vehicle 

velocity 

 The ICE idles during negative transients if the ICE was previously on. 

 Regenerative braking occurs for all negative tractive power 

 M/G operation during ICE shutdown and low vehicle velocity 

 SOC is maintained to some target, or between a high and low SOC limit 

 The approximate efficiency of operation during ICE, motoring and regenerative 

braking modes of operation  

 There are limitations in the data such as missing ICE start-up transients and time 

delays between input and output 

 Operation of the ICE in the Toyota Prius according to the optimal operating line also 

referred to as VSC in Section 4.3.2 

 The ICE typically starts for tractive power levels greater than 10 kW in the Toyota 

Prius 2010 

 The Hyundai Sonata Hybrid restricts ICE operation to above a percentage of 

maximum brake torque (e.g. Te > 0.2Te,max) 

Keeping in mind that the signals and therefore individual operating points of the vehicle are 

potentially mismatched the approximate ICE operation over the drive cycle provides an 

insight into potential performance improvements. It is assumed that measured fuel power 
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greater than 90% of the total power delivered at input represents ICE only mode of 

operation. This consideration allows for the estimation of the torques placed on the ICE at 

the measured ICE speeds. Analysing this data reveals low ICE operating efficiency over the 

UDDS even though operation is limited to the optimal operating line. Observing the 

approximated torques at measure ICE speed at least 60% of ICE operation over the UDDS 

occurs at efficiencies below 25% while 30% occur at efficiencies below 20%. Considering 

that ICEs are capable of efficiencies greater than 30% this analysis suggests there is potential 

for improvement.  

Adapting the above control considerations to the energy loss models available in the 

ADVISOR software the vehicles’ models are varied by comparison of the simulated and 

measured signals. In the process of developing the models in the ADVISOR software a 

method for calculating the optimal operating line was required for the ICE as identified with 

Algorithm 3.1. Initially the three vehicle models’ specifications were experimented with in 

order to determine the exact values for the simulation and to accurately represent the existing 

vehicles. Once the specifications had been determined for the UDDS drive cycle the vehicles 

were tested and compared on the HWFET. Additional trial and error testing determined the 

final values of specifications for the vehicles that best represented operations on both drive 

cycles. This included varying specifications such as those featured in Table 3.2, Table 3.9 

and Table 3.12 until the input, output, overall efficiency and fuel consumption had minimal 

error. Finally, results of the input, output, overall efficiency and fuel consumption reveal that 

the maximum error observed on the Toyota Prius 2010 is less than 3.87%. 
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CHAPTER FOUR 

Design of a High Efficiency Controller 

in PHEV 

4.1 Introduction 

Three vehicle models were developed in the ADVISOR software in the previous Chapter, for 

use as test benches in evaluating the proposed high efficiency controller of this Chapter. The 

original controller developed from the detailed analysis of the measured data for each of the 

three vehicles determines a fair bench mark for the performance evaluation of the novel 

controller presented here. The three vehicle models in simulation are shown to represent 

real-world operation within 4% of the measured performance values. The four performance 

quantities used for comparison include, input (fuel and electrical) and output (tractive) 

energy, overall efficiency and fuel consumption over two standardised drive cycles.  

Section 2.2.1 highlighted the low average efficiency of operation of the ICE in comparison 

to the efficiency of operation of the M/Gs and ESS. This was confirmed for an ICE operating 

in parallel connected hybrid vehicles. These parallel connected hybrid vehicles have greater 

average fuel consumption than the power-split connected topology descibed in Section 2.4.2 

and again in Section 3.8. Following the development of the three test benches, the motivation 

for high efficiency control of ESVs is identified through analysis of the Toyota Prius 

measured data. In particular, this analysis identified that even with the ICE control 

constrained to the optimal operating line average efficiency of operation is low (Section 

3.5.5). This Chapter acknowledges that while high efficiency control of the ICE will improve 

average ICE efficiency, it may lead to increased losses in other components on the vehicle 

and thus the overall efficiency must also be examined. However, high efficiency control of 

the ICE is the starting point for improving the overall efficiency of PHEVs. 

In addition to the high efficiency controller, rules are defined in order to maintain the SOC of 

the ESS. These control rules also help to make energy management decisions when 

requested drivetrain power is outside of a defined high efficiency region for the ICE. This 

high efficiency region restricts output torque and speed operating points to efficiencies 

greater than a desired minimum. A method for calibrating the high efficiency controller is 

discussed with respect to the fuel consumption of the vehicle and the SOC of the ESS. This 

discussion realises the importance of selecting the optimal high efficiency region for the ICE 
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to operate within. Operation of the novel control strategy is demonstrated for simulation over 

the UDDS before quantifying the performance improvement. 

From the bench mark detailed in Chapter 3, a percentage improvement in the form of fuel 

consumption reductions is determined relative to the designed controller on the UDDS and 

HWFET drive cycles previously used. In addition, the new European drive cycle (NEDC) is 

added for a third drive scenario. Initially, for city drive scenarios the novel control strategy 

determines up to 12% fuel consumption reductions, while improvement to highway driving 

is minimal (between 0 to 3%). Secondly, the drivability of the three vehicles is examined 

through the consideration of the total number of ICE and gear shift events using the original 

and designed high efficiency controller. Finally further investigation of the high efficiency 

controller’s operation in the Toyota Prius reveals the potential for more fuel consumption 

reductions. This analysis prompts the investigation of the high efficiency region on-the-go; 

this is described in Chapter 5. The focus for this Chapter, however, is the definition of the 

non-predictive high efficiency control for PHEV. 

4.2 Energy Management System Controller 

Typically an EMS controller determines the proportion of power to supply from the ICE or 

M/G(s) with the alternative device balancing the requested load power. For example, in the 

case of an EMS controller that determines the ICE power requirement the following equation 

represents the power balance of energy sources: 

gmeL PPP /

*        (4.1) 

where *

LP  is the instantaneous requested load power, Pe the determined ICE output power that 

balances with the output power supplied by the M/Gs (Pm/g). Let *

eT  denote commanded ICE 

output torque and Te measured ICE output torque. The same notation is used for other 

commands (requested signals) and measured signals respectively. It is assumed that the ICE 

satisfies a specified amount of the requested load power with the M/Gs balancing the 

remainder of the load. 

Figure 4.1 outlines the generalized control system for the PHEV and HEV. The user controls 

the accelerator pedal which is proportional to the maximum brake torque (Te,max +Tm/g,max) the 

vehicle can produce. At the equivalent to wide-open-throttle (WOT) with the accelerator 

fully depressed, maximum brake torque is requested from the system. Each process block 

identifies the location of a measured or requested signal throughout the vehicle topology. 

The output torque of the ICE (Te), M/Gs (Tm/g) and load (TL) as shown in Figure 4.1 are 

assumed to be referred to the shaft of the ICE. The mechanical coupling between the M/G 
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and ICE is represented by the ratio k1. The requested load torque ( *

LT ), measured load speed 

(ωL) and SOC of the ESS are inputs to the EMS controller for determining the optimal ICE 

brake torque ( *

eT ) and speed ( *

e ) commands. The fuel, M/G and transmission controllers 

are slave to the EMS controller, utilising the identified output signals from the EMS 

controller to locally control each respective device. From Figure 4.1 and with reference to 

equation 4.1, the load torque and speed with respect to the ICE and M/Gs are given as: 

 
gmegL TkTiT /1      (4.2) 

And 

1

/

kii g

gm

g

e
L


       (4.3) 

Equation 4.2 and 4.3 represent the ideal case, establishing the fundamental relationship 

between the ICE, M/Gs and load. This is for the consideration of the designed EMS 

controller for improving the performance of each of the models defined in Chapter 3.  

 

 

Figure 4.1 - General block diagram for the control system of a PHEV and HEV.  

4.3 Maximising ICE Efficiency of Operation 

The ICE being the primary power source in both parallel and power-split topologies leads to 

the need for conserving fossil fuel while maintaining the ESS SOC according to some 

control strategy. There are three fundamental techniques for ICE control in parallel and 

power-split connected PHEV and HEV. These include PBS, VSC and combined PBS with 

VSC. 

4.3.1 Power Balancing Strategy 

As mention in Chapter 2 a mechanical coupling device is required in order to achieve the 

balancing of power between at least two propulsion devices. Parallel and power-split 
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topologies for example exhibit the necessary mechanical connection between the ICE and 

M/Gs to achieve PBS. In dynamical systems the operating speed of the ICE is proportional 

to the wheel speed of a vehicle as a result of the brake torque developed. This means that the 

ICE developed torque (Te) required to meet the load power ( *

LP =Pe) is proportional to the 

fuel rate fed into the ICE, this can be represented by: 

fe mkT        (4.4) 

where k represents constants unique to individual ICE [54] and ṁf is the fuel rate. Referring 

to Figure 4.2, an example scenario for the discussed PBS is illustrated. Te1 is the requested 

brake torque from the drivetrain of the vehicle, occurring at the speed ωe1 determined by the 

drivetrain coupled to the ICE. By supplying a fuel rate of ṁf1 to the ICE, the load torque 

demanded by the drivetrain is satisfied. The problem here is that the requested operating 

point is not at the most efficient operating conditions for the ICE. If the SOC of the ESS is 

below maximum and the losses incurred from charging are less than the potential 

improvement to the whole system efficiency [10], then the fuel rate can be increased to ṁf2 

resulting with a brake torque of Te2. The excess power (Pe2 – Pe1) generated by increasing the 

fuel rate is absorbed by the M/G resulting in a more efficient outcome for the whole system. 

According to the example ICE efficiency map in Figure 4.2 this improves the efficiency of 

the ICE from 26% to 32%. As mentioned, the benefit of using this control strategy is 

dependent on the efficiency of charging/discharging the ESS. If the energy consumed by the 

ICE and electrical network, in moving the operating point, is greater than that consumed by 

the original load request then relocating the ICE operating point is unnecessary. The 

alternative to PBS in high efficiency control of the ICE is VSC. 
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Figure 4.2 - Example ICE efficiency map illustrating PBS and VSC for high efficiency 

control of the ICE. Movement from (Te1(ṁf1),ωe1) to (Te2(ṁf2),ωe1) demonstrates PBS 

and requires increase in ICE power. Movement from (Te1(ṁf1),ωe1) to (Te3(ṁf3),ωe3) 

demonstrates VSC and requires no increase in ICE power. 

4.3.2 Variable Speed Control 

VSC realises an independent operating speed for the ICE with respect to the drivetrain. This 

form of control restricts the ICE to the optimal operating line as defined in [91]; also known 

as best fuel efficiency line [98]. There are a number of ways to achieve VSC of the ICE in a 

PHEV and an HEV [11, 34, 76, 93, 100, 105]. The CVT is at the centre of the VSC for 

parallel and power-split connected PHEVs and HEVs, such devices allow the power source 

to operate at infinite speed ratios relative to the drivetrain. The total number of power 

sources integrated on a topology determines the type of CVT employed. The PGS featured in 

the Toyota Prius allows for the connection of three power sources to the drivetrain, using 

two M/Gs to control the operation of the ICE [5, 100]. This coupling of two M/Gs in a 

drivetrain realizes an electric variable transmission [34, 93]. This introduces the option of 

transferring energy using the mechanical or electrical energy paths in the drivetrain. Having 

the option of mechanical or electrical energy paths to meet a requested load increases 

flexibility in control and improves the potential for fuel consumption reduction. The 

conversion of energy from mechanical to electrical and to mechanical again by using an 

electric variable transmission in PHEV and HEV does, however, have increased losses 

similar to the series topology referred to in Section 2.3.1 [105]. 
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Figure 4.2 also provides an example of VSC. The optimal operating line identifies the 

maximum efficiency the ICE will operate at for a given power request. Each point on the 

power lines (e.g. Pe1) that intercepts the optimal operating line identifies the best efficiency 

for satisfying that power with the ICE. Consider the torque requested from the drivetrain at 

an ICE speed of ωe1 to be Te1, thereby expecting to produce the power Pe1 at the output shaft 

of the ICE. Using VSC the speed of the ICE is varied to ωe3 and with an unchanged power 

requested the torque (Te3) at the new ICE speed is calculated and satisfied by varying the fuel 

rate (ṁf1 to ṁf3). 

The difference between VSC and the PBS in terms of energy management is that for VSC 

there is no need to increase the power generated by the ICE. Using VSC all energy generated 

by the ICE will be utilized to satisfy the present load requirements. The PBS on the other 

hand leads to charging or discharging the ESS. The decision to charge or discharge the ESS 

during energy management remains one of the most challenging control problems for fuel 

consumption reduction in PHEV and HEV. 

4.3.3 Combined PBS and VSC 

Through the combination of the PBS and VSC the potential for increased ICE efficiency of 

operation using the proposed method is realized. Referring to Figure 4.3 as an example, each 

ICE efficiency map has a maximum efficiency point (ηe,max) for the ICE operation relative to 

a specific brake torque (Tηe,max) and speed (ωηe,max). The maximum efficiency point is the 

most desirable operating point of the ICE, such that the ratio of mechanical energy output 

from the ICE with respect to the fuel energy consumed is maximised. Using PBS and VSC a 

controller is able to select between two methods for relocating an otherwise low ICE 

operating efficiency point to a higher efficiency point. This increases the flexibility in energy 

management of PHEVs and HEVs. In Figure 4.3 the previously defined high efficiency 

region corresponding to a specific efficiency contour (i.e. 32% in Figure 4.2) is used. It then 

follows that any operation of the ICE should satisfy the inequality of equation 4.7, with the 

requested load being satisfied by the ICE alone:  

g

L
e

i

T
T

*
*
       (4.5) 

Lge i         (4.6) 

  loweeeT ,

*
,        (4.7) 

The efficiency (ηe) of a requested brake torque ( *

eT ) and measured drivetrain speed (ωe) is 

estimated using the performance maps (similar to that shown in Figure 4.3) allowing the 
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controller to make a calculated decision for optimal ICE operation. By defining the 

inequality of equation 4.7 the balance between fuel consumption and efficiency of operation 

is explored; ηe,low is varied in simulation to determine the optimal high efficiency region for 

each scenario. A scenario varies with vehicle topology and road conditions, which can thus 

be integrated with trip based information for improved optimisation [127].  

 

Figure 4.3 - Example ICE efficiency map illustrating combined PBS and VSC for high 

efficiency control of the ICE.  

Pe1 to Pe4 identified on the bottom right of Figure 4.3, represent arbitrary power magnitude 

lines. If a power magnitude of Pe1, Pe2, Pe3 or Pe4 is requested from the ICE, theoretically the 

controller can choose to satisfy this requested power anywhere along the respective power 

line. The goal, however, is to maximise the ICE efficiency of operation using PBS and VSC. 

In the case shown in Figure 4.3 it is evident that a requested power magnitude equal to Pe1 is 

undesirable since all operating torques and speeds along the Pe1 power line are outside the 

high efficiency region even at its maximum efficiency (using VSC only). To maintain the 

desired efficiency of operation Pe1 must be relocated to the high efficinecy region using PBS 

and VSC (e.g. Pe2). On the other hand if a power equal to Pe4 is requested the controller 

relocates the requested operating point from anywhere on the Pe4 constant power line using 

VSC to achieve the maximum efficiency. For example the optimal operating speed of the 

ICE for a power request of Pe4 is ωηe,max, where: 

max,max,max,max,4 )( eeeee TPP        (4.8) 
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And 

 max,max,max, , eeee T        (4.9) 

Pe2 and Pe3 power magnitudes requested from the ICE, as shown in Figure 4.3, will be 

satisfied by the ICE given that any operating torque and speed (Te2, ωe2 or Te3, ωe3) that lie 

outside the high efficiency region can be relocated to the optimal operating line within the 

high efficnecy region using VSC. Finally, consider the points at which the optimal operating 

line intercepts the high efficiency region at the known upper ( 

loweP ,
) and lower ( 

loweP ,
) 

boundaries. In addition to checking the inequality of equation 4.7, the controller utilizes 

these power values ( 

loweP ,
and 

loweP ,
) to request efficient operation from the ICE with the 

M/G balancing the remaining power requirement. The use of the upper and lower boundaries 

identified in Figure 4.3 is introduced in Section 4.6 and demonstrated in Section 4.9.1. 

4.4 ESS SOC Control 

The PBS and VSC defined above determine the methods for maximising ICE efficiency of 

operation while the ESS SOC control is determined by the EMS employed. Constraints can 

be placed on the ESS SOC in order to maintain safe operating limits of the ESS, these 

constraints are due to the characteristics of the ESS employed. Some of the various types of 

ESS are discussed in Section 2.2.2. The ESS considered for the developed control strategy 

and therefore utilised on the three test benches is a battery bank. Here two methods for 

monitoring the SOC of the ESS are presented to identify the means for ESS SOC control 

relative to the proposed controller. These include SOC swing and a target SOC which as 

identified introduce varying limitations to the operation of PHEV and HEV.  

4.4.1 SOC Swing 

The concept of a SOC swing for the ESS provides two levels of control. Primarily the aim is 

to limit the operating region of the ESS to some high and low SOC such that overcharging 

and undercharging concerns are taken care of [20, 164]. Following the safe operation of the 

ESS, the EMS must determine the availability for charging or discharging the ESS and 

therefore the operation of the ICE. Additionally, SOC swing concerns have the ability to 

prolong the life of the ESS [94]. Such SOC swing considerations limit ICE operation to 

predetermined charge and discharge periods during normal driving. Referring to Figure 4.4 

for example the SOC swing determines when the ICE must be switched on in order to 

maintain the ESS SOC between the limits SOClow and SOChigh [33, 60].  
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Figure 4.4 – SOC swing example identifying the charge and discharge period. 

In the case shown in Figure 4.4 a charge depletion/charge sustenance [33] strategy is 

assumed to illustrate the SOC limits of the ESS.  During charge depletion (tdis) the ICE is 

switched off and the ESS is supplying the drivetrain load.  

esscgmtdL PP  /

*
      (4.10) 

On the other hand during charge sustenance the ICE is switched on to supply the drivetrain 

load with an increased power requested from the ICE for charging the ESS.  

 esscgmetdL PPP 11

/

*        (4.11) 

Alternatively, blended charge depletion observes the discharge of the ESS while the ICE is 

operating in order to minimise fuel consumption for the full drive cycle. Blended charge 

depletion is typically utilised in a PHEV where the initial SOC (SOCinit) is set by charging 

the vehicle from the grid [7, 33].   

4.4.2 SOC Target 

A second means to achieve charge depletion/charge sustenance is to employ a target SOC 

(SOCtarget) while utilising a cost function to determine operation of the ICE. Using this 

approach the ESS power requested for charge/discharge is dependent on the following 

equation, however, charging can only occur while the ICE is supplying power to the load.  

  

cgm

buschgett

ess

tVItSOCSOC
tP

 /

arg )1(1
)(


     (4.12) 

An EMS controller for example receives the measurement of the SOC and using equation 

4.12 calculates the required power to charge/discharge to/from the ESS based on the 
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maximum charge current (Ichg) the ESS can safely handle. The bus voltage (Vbus) and M/G 

efficiency (ηm/g) can also be measured from the vehicle’s previous operations. Operation of a 

PHEV or HEV utilising some target SOC is illustrated in Figure 4.5. ICE on/off periods are 

determined by the EMS controller such that charging/discharging occurs more frequently 

than in the case of Figure 4.4, and the SOC oscillates about the target (SOCtarget). Due to the 

EMS employed by the vehicle it may be more efficient for the vehicle if no energy is 

charged or discharged from the ESS as illustrated for one case in Figure 4.5. 

In the case of using the SOCtarget method for charge/discharge of the ESS it may be beneficial 

to also employ SOClow and SOChigh to maintain ESS SOC limits. Limiting the maximum 

depth of discharge to 10% and maintaining a high SOC has been known to improve the life 

cycle of ESS [165]. The benefit of employing the target SOC using equation 4.12 results 

from the increased ESS efficiency of operation due to the minimised charge and discharge 

currents [11, 89]. Both of these ESS SOC management strategies contribute to the optimal 

control of PHEV and HEV using the high efficiency control proposed in this Chapter.  

 

 

Figure 4.5 - ESS SOC variation over an arbitrary drive cycle with respect to SOCtarget. 

4.5 High Efficiency Control versus Fuel Consumption 

Minimisation 

For an ICE in a PHEV or HEV there are two alternative methods for reducing fuel 

consumption: high efficiency control [100] and fuel consumption minimisation [10, 26]. 

Firstly the equivalent consumption minimisation strategy is an example of fuel consumption 

minimisation [47, 61, 100]. Equivalent consumption minimisation strategy estimates the 

equivalent fuel and electrical energy required to supply a requested load via the use of a cost 

function. ICE operating times are restricted and fuel consumption rates are minimised 
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according to this cost function to ensure overall fuel consumed is reduced in comparison to a 

defined bench mark [47, 61]. In some cases ICE operating times are dependent on the ESS 

SOC such that the previously defined SOChigh and SOClow  limits apply [89]. In addition, 

predictive methods have shown to improve the performance of the equivalent consumption 

minimisation strategy or similar strategies by attempting to determine future load 

requirements and allowing for varying levels of load scheduling [65] of the ICE and ESS 

[11, 32]. While fuel consumption minimisation strategies have shown a reduction in fuel 

consumption in comparison to the bench mark the concern is that ICE operation is occurring 

during inefficient conditions. Instead of operating the ICE in the high efficiency region of 

Figure 4.3 the control strategy forces the ICE to operate at low power levels in order to 

conserve fuel [10]. This is observed in Section 3.5.5 with the analysis of the Toyota Prius` 

ICE efficiency of operation revealing low average efficiency. For this reason high efficiency 

control of the ICE is potentially more beneficial to fuel consumption reduction through 

improved energy conversion efficiency. 

Using the combined PBS and VSC as described in Section 4.3.3 the requested load power is 

relocated from low efficiency ICE operating regions to the high efficiency region. An 

example of this high efficiency region is illustrated in Figure 4.3. This relocation of low 

efficiency of operation of the ICE attempts to maximise the fuel utilisation while remaining 

within the operating limitations of the ESS. The constraints placed on the ICE ensure that the 

load is met efficiently while the ESS balances the load: absorbing or supplying the 

difference. Such control strategies have concern for consuming more fuel than is required for 

a given drive period since there is uncertainty in future load requirements [4, 5]. For example 

if the ICE charges the ESS during the drive period to above the initial SOC and this energy is 

not utilised throughout the drive period then the energy is considered wasted, especially in 

PHEV [10, 33]. The challenge for high efficiency control of the ICE is therefore balancing 

fuel consumption with efficient operation of the ICE. For the proposed controller this is 

achieved by identifying the optimal high efficiency region relative to the combined PBS and 

VSC of Section 4.3.3. 

4.6 Constraints for High Efficiency Controller  

In order to determine the optimal balance between the ICE and ESS in terms of energy 

consumption, the proposed controller relies on a set of operating constraints. The 

combination of PBS and VSC with the ESS SOC management identified in Sections 4.3.3 

and 4.4 optimise the power level of the ICE and ESS, however, additional information is 

required to determine optimal charge and discharge times. In effect the combination of 

equations outlined in Sections 4.3.3 and 4.4 are the cost functions representing fuel and 
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electric energy of the HEV or PHEV. The purpose of the constraints defined here is to ensure 

undesirable operating conditions are mitigated.  

Control decisions need to include load power requests that lie outside the high efficiency 

region of the ICE.  Due to the inequality of equation 4.7 in Section 4.3.3 the ICE will operate 

for load requests that fall within the high efficiency region which also includes a component 

of charge or discharge power from the ESS relative to equations 4.11 and 4.12. The issue in 

this case is how the controller should respond if the requested power is outside the high 

efficiency region. Table 4.1 identifies the control considerations for input signals SOC, *

eT , 

*

e  and *

LP  as presented in Figure 4.1. Each inequality of Table 4.1 is for positive load 

torque ( *

LT ) requested. The variables 

loweP ,
 and 

loweP ,
 are defined in Figure 4.3. In the event 

that load torque is negative (i.e. deceleration) the ICE will shut down, allowing the M/G to 

absorb power and resulting with deceleration of the vehicle. In the event that requested 

deceleration is greater than the power rating of the M/G the mechanical brakes will absorb 

the excess requirement. ICE on/off is the same as defined for the original controllers in 

Section 3.7.1 with ICE starting energy consumption being due to inertial resistance. The use 

of the target SOC (SOCtarget) identifies the median for which the ESS is aiming to achieve 

(i.e. rules 1 to 8). The SOC high (SOChigh) and low (SOClow) limits ensure that the ESS SOC 

never overcharges or over discharges the ESS (i.e. rules 9 to 16). Equation 4.1 defines the 

power balance between the load ( *

LP ), ICE (Pe) and M/G (Pm/g) which is the basis for the 

rules of Table 4.1. 

During acceleration of the vehicle, requested ICE brake torque ( *

eT ) and speed ( *

e ) are 

determined from the requested load power *

LP  and measured load speed (ωL) using equations 

4.2 and 4.3. If load speed is zero then ICE idle speed (ωidle) is utilized. With respect to each 

input signal of Table 4.1, the columns identify an inequality for comparison by the 

controller. For each output of requested ICE ( *

eP ) and M/G ( *

/ gmP ) power the corresponding 

inequalities on each row must hold true. The requested output power signals determine the 

brake torque and speed signals of Figure 4.1. 

As an example on how to interpret Table 4.1, consider the input conditions SOC>SOCtarget, 

ηe(
*

eT , *

e )<ηe,low, and *

LP >P(ηe,max). The input signals must satisfy the identified conditions 

in order for the output signals to be set as *

eP  = 

loweP ,
 and *

/ gmP  = PL
*
- 

loweP ,
. The entries of 

Table 4.1 identified in this example are highlighted in bold type text in the table, and are 

equivalent to rule 3. A further limitation of the vehicles is the maximum torque the M/Gs 

(Tm/g,max) can supply/absorb at any given moment. If the M/G cannot satisfy the requested 
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load torque (example *

LT >Tm/g,max at ωm/g=k1ωe) then the controller approaches the high 

efficiency region by setting the M/G to the maximum torque (motoring or generating as 

needed) and using the ICE to balance the load. This alternative scenario is highlighted in 

Table 4.1 by the motor limitations column, with the override output signals columns 

resulting for each respective ICE and M/G command. 

The controller also minimizes fuel consumption by ensuring no unnecessary charging 

occurs. Unnecessary charging occurs during conditions such as SOC>SOCtarget, ηe(
*

eT

,ωe
*
)<ηe,low, and *

LP <P(ηe,max), since there is no need to operate the ICE if the M/G can supply 

the load.  On the other hand if | *

LP |>|Tm/g,max
*

/ gm |, then the ICE satisfies the load, due to the 

requested load power being larger than the M/G can supply (rule 4). The alternative in this 

case observes the ICE being brought up to the high efficiency region and the M/G charging 

the ESS by balancing the excess ICE output power generated (rule 8). Such operation may 

be beneficial to ICE average efficiency, however, it does not mean it is beneficial to overall 

efficiency. Storing energy in the ESS costs energy and may lead to increased fuel 

consumption. This consideration for unnecessary charging also applies to the high SOC 

rules. 
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Table 4.1 – Additional control rules for optimal ICE and ESS operation. 

Input Signals 

(Left hand side of Inequality) 

R
u

le
 

N
o
. 

Output Signals Motor Limitation Override Output Signals 

SOC Operating 

Efficiency 

ηe(
*

eT , *

e ) 

Load Power
*

LP  

Initial ICE 

Power 

Request *

eP

= *

eT × *

e  

Initial M/G 

Power Request
*

/ gmP = *

/ gmT × *

/ gm  

Maximum M/G Torque 

|Tm/g,max| 

ICE Power 

Request if M/G 

is Limited *

eP  

M/G Power 

Request if M/G is 

Limited *

mP  

>SOCtarget 

>ηe,low 
>Pe(ηe,max) 1 *

LP  0 N/A N/A N/A 

< Pe(ηe,max) 2 *

LP  0 N/A N/A N/A 

< ηe,low 
>Pe(ηe,max) 3 



loweP ,
 

loweP ,
- *

LP  < | 

loweP ,
- *

LP |/ωm/g *

LP -Tm/g,maxωm/g - Tm/g,maxωm/g 

< Pe(ηe,max) 4 0 - *

LP  < | *

LP |/ωm/g 
*

LP  0 

<SOCtarget 

> ηe,low 
> Pe(ηe,max) 5 *

LP  0 N/A N/A N/A 

< Pe(ηe,max) 6 *

LP  0 N/A N/A N/A 

< ηe,low 
> Pe(ηe,max) 7 



loweP ,
 

loweP ,
- *

LP  < | 

loweP ,
- *

LP |/ωm/g *

LP -Tm/g,maxωm/g - Tm/g,maxωm/g 

< Pe(ηe,max) 8 


loweP ,
 

loweP ,
- *

LP  < | 

loweP ,
- *

LP |/ωm/g *

LP + Tm/g,maxωm/g Tm/g,maxωm/g 

<SOClow 

> ηe,low 
> Pe(ηe,max) 9 *

LP  0 N/A N/A N/A 

< Pe(ηe,max) 10 *

LP  0 N/A N/A N/A 

< ηe,low 
> Pe(ηe,max) 11 *

LP  0 N/A N/A N/A 

< Pe(ηe,max) 12 


loweP ,
 

loweP ,
- *

LP  < | 

loweP ,
- *

LP |/ωm/g *

LP + Tm/g,maxωm/g Tm/g,maxωm/g 

>SOChigh 

> ηe,low 
> Pe(ηe,max) 13 *

LP  0 N/A N/A N/A 

< Pe(ηe,max) 14 *

LP  0 N/A N/A N/A 

< ηe,low 
> Pe(ηe,max) 15 



loweP ,
 

loweP ,
- *

LP  < | 

loweP ,
- *

LP |/ωm/g *

LP - Tm/g,maxωm/g -Tm/g,maxωm/g 

< Pe(ηe,max) 16 0 *

LP  < | *

LP |/ωm/g 
*

LP  0 
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The controller accounts for the losses in the electrical network by the predetermined ηe,low. 

The combination of restricting charge periods of the ESS and the selection of the optimal 

ηe,low for each vehicle leads to minimized fuel consumption over each drive period. 

Minimized fuel consumption results from the optimal ηe,low which corresponds to reduced 

losses experienced in the whole system. The selection of ηe,low in combination with equation 

4.12 realises minimal losses in the electrical network. 

4.7 Calibration of the High Efficiency Region 

The aim for the controller defined in this Chapter is to operate the ICE within some high 

efficiency region in order to conserve fuel. Operating the ICE within a high efficiency region 

leads to increased average power output. If the average requested load power is less than the 

average power generated by the ICE the ESS will absorb the difference. If the ESS SOC is 

already above SOCtarget charging is unnecessary, therefore any fuel consumed during such 

conditions is potentially wasted [8]. Optimal ηe,low is determined in simulation by comparison 

of minimising fuel consumption while ensuring that the ESS SOC is maintained. By starting 

with ηe,low equal to a fraction of the maximum ICE efficiency (ηe,max) and working towards 

this maximum ICE efficiency point (Figure 4.3) the relationship between ESS final SOC and 

fuel consumption identified in Figure 4.6 will result. This characteristic is observed because 

of the restrictions placed on the ICE [10].  

Referring to Figure 4.6 as an example of calibrating the high efficiency controller, start with 

ηe,low = 0.6 × ηe,max and approach ηe,max in increments of Δηe,max = 0.05. It was noticed that as 

ηe,low approaches ηe,max the fuel consumption and final ESS SOC increase. As mentioned 

previously this demonstrates the increased ICE output energy being stored in the ESS. Note 

however that there is a point where the fuel consumption is a minimum. This also coincides 

with a lower ESS final SOC such that the controller is forcing the powertrain to rely more 

heavily on the ESS as opposed to the ICE. In this case there is some optimal for which the 

final ESS SOC is similar to the initial ESS SOC and the fuel consumption is a minimum. 

The aim is determining the ηe,low value that achieves this optimal. 

 

Figure 4.6 - Selection of the optimal ηe,low value based on the average fuel consumption 

and final ESS SOC. 
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In Figure 4.6 an arbitrary optimal ηe,low is identified such that the final ESS SOC is just below 

the target (or initial SOC) and the fuel consumption is close to the minimum. In the case of 

the three existing vehicles this method was utilised to determine the optimal ηe,low value on 

the UDDS for reduced fuel consumption and maintaining the final ESS SOC. Each vehicle is 

then tested at the selected ηe,low value on the HWFET and the NEDC. The results are 

presented in Section 4.9 in comparison to the previously developed models of Chapter 3. 

Firstly a method for determining the ηe,low value for control of ICE in PHEV and HEV is 

outlined. 

4.8 Algorithm for Implementing ηe,low 

In order to define the high efficiency region in MATLAB/Simulink an algorithm was used to 

read and extrapolate the ICE fuel consumption rate maps present in the ADVISOR software. 

The notation utilised for equations is relative to the MATLAB code defined in an M-file, 

where appropriate ‘//’ is used for annotations to further explain each line. Algorithm 4.1 is 

added to Algorithm 3.1, with all variables and loops defined at the appropriate locations 

based on the existing code of Algorithm 3.1. 

Algorithm 4.1: Determining ηe,low (Lines numbers refer to Algorithm 3.1) 

1: define ηe,low 

… 

11: 

12: define 

loweP ,
 = min( mapeP , ) //define the starting point in the search for the maximum 

acceptable power for ηe,low. This determines a starting point for calculating 

loweP ,
.  

13: define 

loweP ,
 = max( mapeP , ) //define the starting point in the search for the minimum 

acceptable power for ηe,low. This determines a starting point for calculating 

loweP ,
. 

… 

25: 

26:  if ηe,ωe,map_index_max ≥ ηe,low then  

27:  if mapeP ,  (Pe,map_index) < 

loweP ,
 then 

28:   

loweP ,
 = mapeP ,  (Pe,map_index) 

29:   ωe,Pηe,low
-
 = beste,  (Pe,map_index) 

30:  end if 

31:  if mapeP ,  (Pe,map_index) > 

loweP ,
 then 

32:   

loweP ,
 = mapeP ,  (Pe,map_index) 

33:   ωe,Pηe,low
+
 = beste,  (Pe,map_index) 

34:  end if 

35: end if 
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… 

4.9 Results 

The performance of the high efficiency controller is examined in this Section by comparison 

with the original controller developed in Chapter 3. Outcomes of the fuel consumption, 

drivability, acceleration performance and reasons for these results are discussed. Firstly, the 

operation of the high efficiency controller is demonstrated on the UDDS with respect to the 

rules of Table 4.1. 

4.9.1 Example Operations of High Efficiency Control 

The high efficiency controller operation is defined in Table 4.1, here the operation with 

respect to rules 1 to 8 are explained with reference to the Toyota Prius 2010 and the UDDS. 

Rules 9 to 16 are not demonstrated during this example since the SOC does not reach either 

the high (SOChigh) or low (SOClow) limits. The main point for rules 9 to 16, however, is 

simply to maintain ESS SOC to within some SOC swing as discussed in Section 4.4.1.  

Starting from the top left of Figure 4.7, the time period Δta is an example of rule 8 from 

Table 4.1. The SOC is less than the target SOC (SOCtarget), the requested load power occurs 

at efficiencies outside the high efficiency region and the power level is low. This means that 

the proposed controller will request 

loweP ,
 from the ICE forcing M/G1 to absorb the 

difference between load power ( *

LP ) and the requested output power of the ICE ( *

eP  = 

loweP ,
). 

During the indicated time period this is not always the case since there is some deceleration 

occurring. Δtb is an example of rules 5 and 6 since the SOC is less than SOCtarget and power 

absorbed/supplied from the M/Gs is zero meaning that only the ICE is supplying power ( *

eP  

= *

LP ). Δtc is an example of rule 3, such that SOC is greater than SOCtarget, and power 

requested occurs above the high efficiency region leading to the selection of 

loweP ,
 with the 

M/Gs balancing the remaining load and drawing power from the ESS. Due to low power 

levels requested from the EMS, and SOC being higher than SOCtarget, the period Δtd observes 

the ICE remaining off while M/G2 supplies the requested load; representing rule 4. Δte is the 

opposite of Δtb such that SOC is above SOCtarget and the ICE is operated within the high 

efficiency region. Finally Δtf identifies the override scenario of rule 7, this is a switch 

between the motor limitation override and the defined output signals of Table 4.1. Initially 

SOC is below SOCtarget and a high load power requested from the EMS forces M/G2 to 

supply power at Tm/g,max with the ICE balancing the remaining load. Once the vehicle begins 

to pick up speed, the ICE is able to operate within the high efficiency region due to the 

reduction in requested load power. The ICE output power is set at 

loweP ,
 with the M/Gs 
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balancing the remaining load. The main point to note is that the proposed controller is 

achieving PBS and VSC with reference to the defined high efficiency region. 

 

Figure 4.7 – Example operation of the high efficiency controller on the Toyota Prius 

2010 for the UDDS drive cycle. From top to bottom: vehicle speed (km/h), ESS SOC 

(%), M/G1, M/G2 and total M/G output power (kW), ICE output power (kW) and 

M/G2 output torque. 

4.9.2 Fuel Consumption and ESS final SOC 

The results of employing the high efficiency controller in the three test benches are listed in 

Table 4.2. The majority of the base control methods outlined in Sections 3.4 and 3.5 are 

maintained such that the three test benches operate with the same real-world limitations. The 

difference here is the control strategy used to determine the operation of the ICE and M/Gs. 

The UDDS and NEDC represent city (urban) driving while the HWFET represents highway 

(extra urban) driving. In Table 4.2 the high efficiency controller has been given the acronym 

HEC. Under the heading HEC in Table 4.2 the optimal selected ηe,low value is given for each 

test bench. This ηe,low value has been selected according to the procedure outlined in Section 

4.7.  
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Table 4.2 - High efficiency controller performance comparison. 

Drive Cycle Component Parameter Toyota Prius 2010 Hyundai Sonata Hybrid 2011 Honda CR-Z 2010 

Original HEC  

(ηe,low =28) 

Original HEC  

(ηe,low =30) 

Original HEC  

(ηe,low =32) 

UDDS 

Avg ICE Eff. (%) 31.14 31.87 28.19 29.62 18.74 22.37 

Avg Mot. Eff. (%) 82.95 83.76 82.91 84.04 83.92 69.85 

ESS Init. SOC (%) 60 60 60 60 70 70 

ESS Final SOC (%) 60.86 57.85 60.45 60.5 75.39 80.03 

ICE Events 56 57 71 63 20 20 

Gear Events N/A N/A 146 158 96 202 

Overall Eff. (%) 10.31 10.73 7.95 8.30 8.14 9.34 

Fuel Cons. (L/100km) 3.22 3.05 4.89 4.68 6.06 5.31 

Fuel Cons. Improvement (%) - 5.28 - 4.29 - 12.38 

HWFET 

Avg ICE Eff. (%) 29.24 30.53 28.82 29.32 25.31 26.22 

Avg Mot. Eff. (%) 84.97 87.36 85.27 87.19 84.56 47.78 

ESS Init. SOC (%) 65 65 70 70 70 70 

ESS Final SOC (%) 68.26 66.4 73 77.56 70.35 76.18 

ICE Events 5 5 69 67 1 1 

Gear Events N/A N/A 12 12 20 7 

Overall Eff. (%) 19.06 19.31 15.93 15.93 18.82 19.29 

Fuel Cons. (L/100km) 3.29 3.17 4.04 4.03 4.41 4.33 

Fuel Cons.  Improvement (%) - 3.65 - 0.2 - 1.81 

NEDC 

Avg ICE Eff. (%) 30.19 31.73 29.53 29.69 20.40 23.43 

Avg Mot. Eff. (%) 77.25 77.95 82.89 82.26 81.77 72.31 

ESS Init. SOC (%) 60 60 60 60 70 70 

ESS Final SOC (%) 63.56 63.21 72.62 70.61 72.73 79.25 

ICE Events 11 20 74 55 13 13 

Gear Events N/A N/A 74 68 40 76 

Overall Eff. (%) 13.69 14.71 10.98 11.47 11.53 13.05 

Fuel Cons. (L/100km) 3.52 3.27 4.82 4.59 5.71 5.08 

Fuel Cons.  Improvement (%) - 7.10 - 4.77 - 11.03 

Acceleration Perf. 0-96.4km/h (sec) 10.7 13.4 7.5 10.6 9.5 13.7 
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The final ESS SOC indicates the true benefit observed by the reported fuel consumption 

improvement as seen in Table 4.2. With the final ESS SOC being above the initial ESS SOC 

at the end of driving the reported fuel consumption improvement is as stated. On the other 

hand if the final ESS SOC is below the initial ESS SOC this means that the controller has 

forced the vehicle to become more reliant on the stored energy. In such a case it is observed 

as the relocation of the load from the ICE to the ESS and does not constitute an improvement 

to the fuel consumption. ESS SOC correction must therefore be performed in order to 

determine the true fuel consumption improvement [33].  

For example the test bench for the Toyota Prius observed the final ESS SOC for the high 

efficiency controller at 2.15% below the initial SOC over the UDDS with a fuel consumption 

reduction of 5.28 %. This indicates that the high efficiency controller is consuming less fuel 

over the UDDS, however, it is transferring some of the load to the ESS. This suggests that 

the operation may in fact be relocating the load to the more efficient power source rather 

than actually conserving fuel. SOC correction in the fuel consumption is achieved using the 

following equation: 

 
dQ

SOCSOCE
FC

fHVchggm

opt

e

finalinitess

 /1000

100 
     (4.13) 

This leads to the addition of ΔFC = 0.10 L/100km at the end of driving to increase the final 

SOC from 57.85 to 60% in the Toyota Prius. The improvement for the fuel consumption 

therefore reduces from 5.28% to 2.17% over the considered drive period. For the remaining 

tests listed in Table 4.2 the final SOC is above the initial SOC and thus there is no cause for 

concern relative to the ESS SOC. The next consideration is how the high efficiency 

controller will effect normal driving this is quantified in terms of the drivability and a study 

presented in [38].  

4.9.3 Drivability 

By comparing the original controller and the high efficiency controller’s ICE and gear events 

and with reference to the study completed in [38] the effect on drivability is discussed. One 

ICE event is defined as the ICE switching on then off again throughout the driving period, 

while one gear event is the shifting of the fixed gears up or down. The Toyota Prius having 

the PGS has smooth gear transitions, thus the gear events are not quantifiable. The effects of 

the high efficiency controller on drivability in the Toyota Prius are examined for the ICE 

events only. The total numbers of ICE and gear events are listed in Table 4.2. 

Reference [38] indicates that a low number of both ICE and gear events is desirable, 

however, that for the demonstrated cases there is a range for optimality. For tests completed 
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on the Federal Test Procedure (FTP) which is an extended version of the UDDS, a variation 

of 25% in the total number of ICE events realises an increase of 2% in the final average fuel 

consumption. This variation in fuel consumption is with respect to a test bench utilising a 

fuel consumption minimisation strategy similar to the Toyota Prius 2010 considered here. 

Additionally, for the two drive cycles (FTP and NEDC) tested in [38], a variation of up to 

75% in the total number of gear events leads to an increase of up to 5% in the fuel 

consumption. 

Relating the results presented in [38] to those presented in this paper, there are three cases in 

Table 4.2 that may have concerns. Firstly, the Toyota Prius’ operation on the NEDC 

increases the number of ICE events from 11 to 20 with the use of the high efficiency 

controller. In comparison to the total ICE events per kilometre of the FTP cycle presented in 

[38] the increase from 11 ICE events over 10.93 km (NEDC) to 20 ICE events is minimal. 

This equates to less than 3 ICE events per kilometre. The test vehicle utilised in [38] by 

comparison has up to 5 ICE events per kilometre on the FTP. In addition, from the 

perspective of time the high efficiency controller has an ICE event every 60 seconds (NEDC 

~1200 seconds) in comparison to the test vehicle in [38] having an ICE event every 23 

seconds (FTP ~2000 seconds). Alternatively the optimal region for the total number of ICE 

events that achieves best performance [38] for the NEDC is between 15 and 25 ICE events. 

Assuming this applies to all ESVs that contain an ESS and an ICE the increase in the total 

number of ICE events (from 11 to 20) is potentially improving the operation of the vehicle.  

The second point for concern comes from the total number of gear events for the Honda CR-

Z. As shown in Table 4.2 on the UDDS and NEDC the total number of gear events for the 

Honda have increased by over 100% which according to the results of [38] may lead to an 

increased fuel consumption of up to 10%. A 10% increase in the determined fuel 

consumption for the Honda CR-Z realises 5.84 L/100km and 5.59 L/100km for the UDDS 

and NEDC drive cycles respectively. In comparison to the original controller this is still an 

improvement of 3.63% and 2.10% on both of these drive cycles respectively (as compared 

with 6.06 L/100km and 5.71 L/100km from the original controller). Alternatively, if the 

increased number of ICE and gear events is a concern for the high efficiency controller, 

reducing the selected ηe,low value will lead to a reduction in the total number of events. Note 

that any change in the ηe,low value has a quadratic relationship to the final fuel consumption 

such that varying the ηe,low value too much will lead to an increase in the fuel consumption. 

The study completed in [38] highlights the potential impacts for employing the high 

efficiency controller on the drivability of the three test vehicles. This analysis ultimately 

suggests that the use of the proposed controller is beneficial to the drivability of the three 
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existing vehicles and at the very least (in terms of drivability) performs similarly to the 

original controller. 

4.9.4 Acceleration Performance 

Restricting the ICE operation to the high efficiency region reduces the maximum output 

torque the vehicle is able to achieve at any given time. There are two causes of this 

limitation. Firstly the high efficiency region may restrict the maximum torque from the ICE 

at any speed to the high efficiency region which can be below the maximum rated brake 

torque of the ICE. This means that in order to conserve fuel the output power will not exceed 



loweP ,
 such that the output torque at the wheels is lower than the rated torque (and therefore 

rated power) of the vehicle. On the other hand the optimal speed selected for the requested 

power may be limited by the ICEs maximum torque. For example the optimal speed at some 

low requested power (Pe1) is shown in Figure 4.8, if at the next time step a power level of Pe3 

is requested from the ICE the scenario identified by Figure 4.8 will result. 

 

Figure 4.8 - Delay in VSC due to mechanical inertia of PGS 

The EMS controller will observe the requested power and calculate the desired speed at ωe3 

according to the optimal operating line. The transmission control unit (Figure 4.1) will 

receive the requested speed and begin to vary the ICE output speed to the desired speed. The 

issue, however, is that there is a delay in achieving the desired speed at Pe3 using the 

transmission control unit. As the transmission approaches the desired speed the ICE begins 
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to develop the requested torque to meet the desired power at the current speed (ωe2). A 

torque of Te2 would result since the ICE is aiming to supply the maximum power at the 

current speed ωe2 (or maximum torque at the current speed). The developed power is 

therefore Pe2 which is less than the requested output power of Pe3. This means that the torque 

available at the wheels is temporarily limited until the transmission control unit can achieve 

the desired speed (ωe3) and thus the acceleration performance of the vehicle is reduced 

according to this delay. 

This delay or restricted output torque is represented in the comparison of the original 

controller with the high efficiency controller acceleration times in Table 4.2. The high 

efficiency controller adds up to 4.2 seconds to the acceleration performance of the vehicles 

in accelerating from 0 to 96.4 km/h (60 mph). For this reason the authors envisage that the 

high efficiency controller might be offered as an alternative to a ‘normal’ mode such as 

‘economy’. Currently ‘economy’ modes do not affect the performance of a vehicle in the 

manner discussed in this Chapter, instead they increase response times of the vehicle and 

reduce the accessory loads of the whole system [166]. The consumer would then have the 

choice of which mode of operation best suits their needs. 

4.9.5 Evidence for High Efficiency Control leading to 

Fuel Consumption Reduction 

Table 4.2 highlights that by using the high efficiency controller the fuel consumption is 

reduced by up to 12.38%. There is, however, limited improvement during the tested highway 

driving scenario (between 0.2 and 3.65%). This low improvement is due to the already large 

loads placed on the ICE and therefore limited availability of a more efficient operating point. 

In addition, the Honda and Hyundai topologies have limited capacity for PBS (Section 4.3.1) 

due to the small motor sizes in comparison to the size of the ICE. This ratio of M/G to ICE 

power rating is referred to as the HF [106], as discussed in Section 2.6.2 and determines a 

limited overall benefit to fuel consumption. The ICE operates within the high efficiency 

region most of the time and torques requested from driving in the highway scenario are too 

large to be redirected to the electrical network. The high efficiency controller is therefore 

more suitable for city driving scenarios as presented in this Chapter.  

On the topic of HF of HEVs there are some interesting points to note about the performance 

of the three existing vehicles. Chan et al [4] refers to the HF in a different light considering 

the micro, mild and full hybrid systems of HEV. In particular, it is noted in [4] that an 

increasing HF leads to increased fuel savings as discussed in Section 2.6.2. For the three 

existing vehicles discussed in this Chapter, the Toyota Prius is a full hybrid and the Hyundai 

and Honda are both mild hybrids. Considering the low power rating of the Honda’s M/G it is 
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almost categorised as a micro hybrid. With respect to the defined HF this may be part of the 

reason the Toyota Prius is capable of achieving such low fuel consumption. This is in 

addition to the Toyota Prius being power-split compared with the parallel connected 

Hyundai and Honda.  

Figure 4.10 to Figure 4.14 outline the operation of the ICE of each of the test benches with 

and without the high efficiency controller. The comparison is made for the vehicles 

operating on the UDDS. It is clear from the visual comparison of the two images for the 

three cases that the ICE operation is being restricted to higher torque and/or speeds in order 

to maximise the fuel utilisation. This is achieved in the Toyota Prius 2010 through the use of 

the combined PBS and VSC as described in Section 4.3.3 For the Hyundai and Honda test 

vehicles, however, VSC is limited due to the fixed gear transmissions [10]. Instead the 

transmission controller aims to maintain higher gears (lower gear ratios) in order to 

maximise the torque output from the ICE. This is observed by the increase in the operating 

torque in Figure 4.12 and Figure 4.14. In addition, because of the low power rating of the 

Honda’s M/G the ICE must remain on for the full duration of driving. This means that while 

the high efficiency controller aims to increase the ICE output torque, operation is limited by 

the need to satisfy all load requirements using the ICE. Figure 4.14 identifies the requirement 

for the ICE to supply low power levels in addition to the improved efficiency of operation on 

the Honda CR-Z 2010 test bench. While there are limitations based on the M/G power 

ratings in the case of the Hyundai and Honda test benches, it is apparent that the high 

efficiency controller is capable of improving the fuel consumption on varying vehicle 

topologies as seen in Table 4.2. 
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Figure 4.9 - ICE operating points for Toyota Prius 2010 using original controller. 

Operation is restricted to the optimal operating line. 

 

Figure 4.10 - ICE operating points for Toyota Prius 2010 using high efficiency 

controller. Operation is restricted to the high efficiency region in addition to the 

optimal operating line. 
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Figure 4.11 - ICE operating points for Hyundai Sonata Hybrid 2011 using original 

controller. Operation is restricted by a minimum on/off and minimum charge torque. 

 

Figure 4.12 - ICE operating points for Hyundai Sonata Hybrid 2011 using high 

efficiency controller. Operation is restricted by the high efficiency region as indicated 

by the blue dotted line.  
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Figure 4.13 - ICE operating points for Honda CR-Z 2010 using original controller. 

Operation is restricted to maximum and minimum speeds for gear changes. 

 

Figure 4.14 - ICE operating points for Honda CR-Z 2010 using high efficiency 

controller. Operation is restricted to the high efficiency region where possible.  
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4.9.6 Concerns for High Efficiency Controller 

Upon further analysis of the high efficiency controller defined in this Chapter there are areas 

for potential improvement. Figure 4.15 to Figure 4.17 show the initial SOC (SOCinit), final 

SOC (SOCfinal) and fuel consumption improvement for varying values of ηe,low when 

compared against the original controller using the high efficiency controller. Firstly, Figure 

4.15 to Figure 4.17 support the calibration method discussed in Section 4.7 observing that if 

you start with ηe,low equal to some low percentage of maximum ICE efficiency (ηe,max) and 

increase by an incremental amount (∆ηe,low) the discussed relationship (Section 4.7) between 

ESS final SOC and ICE average fuel consumption results. For example consider the case 

with ηe,low = 0.29, final SOC of the ESS when driving on the UDDS is too low to be 

considered an improvement to the average fuel consumption at SOCfinal = 55.41%. This is 

instead relying more heavily on the stored energy. Therefore ηe,low = 0.28 is selected since 

there is a greater percentage of energy stored in the ESS for the fuel consumption reductions 

that have occurred. Table 4.2 identifies the SOCinit for the HWFET in the original controller 

is 65% which is due to the measured data of the Toyota Prius having an initial SOC of 65%. 

SOCtarget for the HWFET is remaining at 60% for the energy management controller meaning 

that if the final SOC is above SOCtarget there is no cause for concern. In effect if SOCfinal is 

greater than SOCtarget the EMS has consumed more fuel energy than is required. This then 

leads to the selection of ηe,low for varying drive profiles. 

Without the correct calibration of the high efficiency controller the EMS will consume more 

fuel than the original controller. Figure 4.15 and Figure 4.17 identify that the UDDS and 

NEDC have similar optimal values for the high efficiency region at ηe,low = 0.28 while Figure 

4.16 indicates that the optimal for the HWFET is ηe,low = 0.2. Note that the fuel consumption 

improvement at the selected ηe,low = 0.28 on the HWFET is half of the fuel consumption 

improvement at ηe,low = 0.2. Section 2.2.4 and 3.5 outline that the ICE supplies the average 

load power requirement of the drive cycle and the ESS provides the transient load 

requirements. Figure 4.15 to Figure 4.17 indicate that the final SOC increases with 

increasing ηe,low value. The ESS in the case of ηe,low ≥ 0.3 absorbs the higher average power 

developed by the ICE leading to an increased final SOC. This means that the reason for 

increased fuel consumption on the HWFET with a higher ηe,low value is due to the increased 

average power demand from the ICE and therefore less opportunity to utilise the ESS stored 

energy. This is also discussed in Sections 4.5 and 4.7. 

According to equation 3.1 in Section 3.4 the component contributing to average power 

demand in drive cycles is the vehicle velocity. Therefore the proposed high efficiency 

controller was modified to account for the varying average vehicle velocity by having two 
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alternative ηe,low values. Including the same rules as identified in Table 4.1 the following 

inequality is also utilised to determine the value of ηe,low. 
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Where ηe,low1 and ηe,low2 are selected as 0.2 and 0.28 respectively according to the results of 

Figure 4.15, Figure 4.16 and Figure 4.17, and V2 is selected at 12 m/s using trial and error in 

simulation for the best results. Table 4.3 indicates that by adding the consideration for 

vehicle velocity to the high efficiency controller (HEC), improvement occurs to the HWFET 

with minimal side effects to the city driving scenarios. HEC-V in Table 4.3 identifies the 

results for the high efficiency controller including the control of equation 4.14. The only 

noticeable side effect is a small increase in the consumption of ESS energy on the UDDS 

and NEDC. This analysis lead to the understanding that the load required from the vehicle 

can inform the controller of the optimal high efficiency region to select. For example in the 

above case the vehicle velocity is used to select the sub-optimal high efficiency region for 

the UDDS, HWFET and NEDC. 

 

 

Figure 4.15 - Varying high efficiency region (ηe,low) on the Toyota Prius 2010 over the 

UDDS drive cycle. 
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Figure 4.16 - Varying high efficiency region (ηe,low) on the Toyotas Prius 2010 over the 

HWFET drive cycle. 

 

 

Figure 4.17 - Varying high efficiency region (ηe,low) on Toyota Prius 2010 over the 

NEDC drive cycle. 
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Table 4.3 - Comparison of high efficiency controller performance: varying with respect 

to vehicle velocity. 

Drive 

Cycle 

Component 

Parameter 

Toyota Prius 2010 

Original HEC HEC-V 

UDDS 

Initial SOC (%) 60 60 60 

Final SOC (%) 60.86 57.85 56.89 

Overall Eff. (%) 10.31 10.73 10.67 

Fuel Cons. 

(L/100km) 
3.22 3.05 3.05 

Fuel Cons.  

Improvement (%) 
- 5.28 5.28 

HWFET 

Initial SOC (%) 65 65 60 

Final SOC (%) 68.26 66.4 62.08 

Overall Eff. (%) 19.06 19.31 19.97 

Fuel Cons.  

(L/100km) 
3.29 3.17 3.11 

Fuel Cons.  

Improvement (%) 
- 3.65 5.47 

NEDC 

Initial SOC (%) 60 60 60 

Final SOC (%) 63.56 63.21 61.62 

Overall Eff. (%) 13.69 14.71 14.61 

Fuel Cons.  

(L/100km) 
3.52 3.27 3.27 

Fuel Cons.  

Improvement (%) 
- 7.10 7.10 
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4.10 Summary of High Efficiency Control 

Motivation for the high efficiency controller of this Chapter was established in Chapter 3. 

Initially, the fundamental means for controlling HEVs is defined with the power balance of 

the ICE and M/Gs. This lead to a discussion for the control signals represented in the 

selected topologies that ensure the desired operation of ESVs. For the purpose of control, 

requested and measured signals of ESVs using a block diagram are distinguished, separating 

steady-state (measured) from input signals (requested). Acknowledging the existing control 

methods of PBS and VSC a means for achieving high efficiency control is established. Using 

the ICE performance map a predefined value of ηe,low constrains operation of the ICE to a 

specified region, maintaining higher average ICE efficiency. ICE developed power is then 

balanced with the ESS and drivetrain load, according to the ESS target SOC. This is an 

important consideration for the reduced fuel consumption using the high efficiency 

controller, since the constraints placed on the ICE by using the ηe,low value lead to increased 

average power. Power developed by the ICE that is not consumed by the drivetrain will be 

absorbed by the ESS. This may result with unnecessary charging of the ESS and therefore 

increased fuel consumption.  

For improved performance resulting from the operation of the high efficiency controller, a 

set of rules in addition to those existing on the three test benches are required. These 

additional control rules ensure that the ICE switches on when required and more importantly 

determine what to do when the requested power is outside the high efficiency region. Once 

the desired operation is defined the ICE controller is calibrated according to the final average 

fuel consumption and ESS final SOC. This calibration results with the selection of the 

optimal ηe,low value. High efficient ICE performance is demonstrated on the Toyota Prius 

over the UDDS, identifying periods of operation subject to the developed control rules. 

Performance quantities of the high efficiency controller are compared against the original 

controller as presented for the three test benches of Chapter 3.  

The results indicate that the fuel consumption is reduced by up to 12% with maintained ESS 

target SOC. It was noted that due to the fixed gear transmissions on the Hyundai and Honda 

test benches that the potential for fuel consumption reductions is limited. Without the ability 

for VSC of the ICE low efficiency operating conditions cannot be relocated to high 

efficiency operating conditions very easily. This means that the controller must compromise 

between increasing ICE output torque and meeting the requested load. As mentioned 

unnecessary charging of the ESS will lead to increased fuel consumption, negatively 

impacting performance.  
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The total number of ICE and gear shift events quantifies the effect on the drivability. 

Overall, the concerns for drivability are minimal if not beneficial to vehicle operation 

through use of the high efficiency controller. This consideration is due to the test benches 

having a similar number of ICE and gear shift events when using either the original or high 

efficiency controller. A secondary concern for the proposed high efficiency controller is that 

the acceleration performances of the vehicles are increased. To allow the user the option of a 

fast acceleration or reduced fuel consumption a solution is to offer the high efficiency 

controller as an alternative to normal operating mode (i.e. economy mode). Finally, a 

comparison of the operating points of the three models’ ICEs confirms the reasons for fuel 

consumption reductions using the high efficiency controller. The Toyota Prius in particular 

demonstrates the potential for the high efficiency controller to increase average ICE 

efficiency with all operating points occurring within the predefined high efficiency region. 

Further investigation of the high efficiency controller’s operation having varying ηe,low values 

revealed the importance of calibration. This was carried out on the Toyota Prius for the three 

tested drive cycles. Specifically, the analysis determined that for highway driving it is best to 

place fewer restrictions on the ICE for improved fuel consumption reductions. This was 

attributed to the higher average tractive power requested from the powertrain such that the 

ESS has less opportunity to supply the load. Generally once the Toyota Prius exceeds a 

minimum vehicle velocity the ICE will remain on as identified in Section 3.5.4. The ESS 

absorbs any excess power developed by the ICE which is restricted to the previous high 

efficiency region (ηe,low = 0.28). The ESS, however, is not capable of utilising this stored 

energy during the remainder of the drive cycle. This means that fuel is consumed 

unnecessarily during driving on the HWFET (i.e. highway driving). Modifying the controller 

to account for a varying high efficiency region based on the vehicle velocity lead to 

improved fuel consumption on the HWFET with minimal adverse effects on the city drive 

profiles (UDDS and NEDC). Fuel consumption improvement rose from 3.65% to 5.47% on 

the HWFET, with fuel consumption on the UDDS and NEDC remaining unchanged. This 

outcome then encourages the consideration for determining ηe,low on-the-go, identifying the 

motivations for the controller featured in Chapter 5. 
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CHAPTER FIVE 

Design of a Predictive Controller for 

PHEV 

5.1 Introduction 

Having defined the high efficiency controller in Chapter 4 the potential for fuel consumption 

reductions is realised in PHEV with power-split and parallel configurations. The use of a 

predefined high efficiency region to restrict operation of the ICE, however, limits the 

capability for optimal performance over varying drive scenarios. Here calibration of the high 

efficiency controller is realised on-the-go through the use of predictive control. In particular, 

the focus is on predicting the energy requirements of a planned driving route to aid with the 

selection of the ηe,low value defined in Chapter 4. 

The predictive method identified here is considered a fundamental approach, serving to 

demonstrate the use of GPS [127, 167, 168] or intelligent transportation system [167] 

information in the designed EMS controller. The amount of information included in such 

predictive methods determines the accuracy of the prediction with increasing amounts 

leading to better accuracy and a high computational requirement [7, 36]. Thereby, increased 

computational requirements lead to increased costs of the system [36]. With the aim for 

reducing the computational burden of predictive control, the proposed predictive method 

uses the expected driving requirements in an attempt to calculate the future tractive energy 

requirement of a planned driving route. This future energy requirement in combination with 

the estimated time of arrival (or trip time) autonomously selects the optimal ηe,low. 

Following the autonomous selection of the high efficiency region for the ICE, the ESS 

charge and discharge is determined based on the average tractive power requirement of the 

planned driving route, the total expected tractive energy of driving and the consumed tractive 

energy. This approach to ICE and ESS operation is based on the initial consideration of 

power density and energy density of each respective power source. The ICE is utilised for 

average power supply having a high energy density and low average efficiency, while the 

ESS is utilised for transient power supply having high efficiency of operation and low 

energy density. Results of the proposed approach demonstrate the ability of the controller to 

maximise the use of stored energy while minimising fuel consumption for the three drive 

scenarios identified previously (UDDS, HWFET and NEDC). 
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Since the Toyota Prius 2010 has the best flexibility in control it has been selected for the 

study presented in this Chapter. It is envisaged that the controller is capable of similar 

performance on the Hyundai and Honda test benches, however, the fixed gear transmissions 

of the parallel configurations (Sections 3.3.2 and 3.3.3) limits the application of the 

autonomous control. For a fair comparison the original and non-predictive controllers are 

modified to operate as PHEV. This observes the two controllers operating as described in 

Chapters 3 and 4, and then entering a charge depletion mode closer to the planned 

destination for increased ESS reliance. Operation as a PHEV assumes that the original and 

non-predictive controllers are capable of monitoring the estimated time of arrival in order to 

determine when to enter charge depletion mode. The predictive controller is thus analysed 

for operation as an HEV and PHEV. Consideration as an HEV reveals the fuel consumption 

reductions comparison for the three controllers having SOC corrections at the end of driving 

using the ICE. Alternatively, for SOC correction when using the developed controller in 

PHEVs electricity is used via the grid connection. 

Operation as a HEV results with improved fuel consumption of up to 4% using the predictive 

controller in comparison to the original controller. On the other hand operation as a PHEV 

determines fuel consumption reductions up to 22% when compared against the original 

controller. A final consideration for the performance analysis is the impact of error in 

predicting the tractive energy requirement or total trip time of a drive cycle since there is 

uncertainty in everyday driving conditions. With a 20% error in the total trip time this may 

lead to a variation in the average fuel consumption of 0.62% at the end of driving. This 

consideration demonstrates the robust nature of the proposed controller in using the 

predicted information. The main point to note from this analysis is that the predictive 

controller calculates the energy requirement of a drive scenario in order to maximise the use 

of stored energy with the expectation for grid charging at the end of driving. 

5.2 Predicting Drive Cycle Energy Requirements 

Through the use of GPS and intelligent transportation systems, drivers have the convenience 

of planning trips ahead of time. Using the same information as available to the driver the 

controller featured here can predict the energy requirements of a planned driving route in 

order to help with energy management decisions of the ICE and ESS. Section 3.4 evaluated a 

known equation for estimating drive cycle energy requirements of a vehicle having a specific 

mass and wheel radius. This information is useful if individual transients of a drive cycle are 

known. For the case of planned driving routes there is a significant amount of uncertainty 

such as traffic conditions and driver behaviour. The approximate energy requirement of the 

drive cycle is therefore expected to have some error in comparison to the actual energy 

requirement of the drive cycle. Here a method for determining the energy requirement is 
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presented as a means to demonstrate the use of this knowledge in the developed controller. 

There are a number of methods for predicting the energy requirements of driving each of 

which can be utilised in the proposed controller. The more information the predictive 

controller utilises the more complex it becomes [32]. The focus here is that the high 

efficiency controller will benefit from future knowledge in the demonstrated manner. 

5.2.1 Proposed Method for Predictive Control 

Referring to equation 3.1 in Section 3.4 it is possible to utilise the vehicle velocity and 

specifications to calculate the energy requirement of everyday driving. This estimated energy 

can then be applied to the ICE operation such that the ICE supplies the average power 

demand as discussed in Sections 2.2.4 and 3.5. Consider the use of equation 3.1 to predict 

the average power requirement of a planned trip with respect to the average vehicle velocity. 

This consideration leads to equation 5.1: 









 2

2

1
avfDravav VACMgfVP      (5.1) 

where Pav is the average tractive power required from the vehicle and Vav is the average 

vehicle velocity. As detailed in Section 3.4 M is the vehicle mass, g is the gravitational 

acceleration, fr is the rolling resistance coefficient, ρ is the air density, CD is the coefficient of 

aerodynamic drag and Af is the frontal area of the vehicle. Using GPS or intelligent 

transportation systems an estimated trip time (ttrip) then determines an approximate energy 

requirement from equation 5.1. 

tripavtotal tPE        (5.2) 

Equation 5.2 follows from the integration of power with respect to time. There is, however, 

concern with equation 5.1 eliminating the elements representing the rotational inertia of 

components in the energy requirements of the vehicle. This is due to the fact that with an 

average vehicle velocity transients of a drive cycle are zero and thus the acceleration and 

deceleration of the vehicle is unknown. Since the average velocity is represented in the first 

two components and the variance of this velocity is excluded a component is required to 

estimate the total energy spent based on the average acceleration and deceleration of the 

vehicle over the driving period. 









 avavavfDravav VACMgfVP  2
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1
   (5.3) 

The factors αav and βav are constants and vary according to the drive conditions such as driver 

behaviour and traffic conditions. In reality the average power requirement of driving may be 
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determined from the relationship of a driver’s acceleration and deceleration to the past 

recorded total energy requirement of driving [26, 127]. In this way future driving conditions 

are accounted for with computational requirements dependent on the sampling of planned 

driving routes. This component therefore represents the inertial losses of the vehicle. The 

more frequent the sampling of αav and βav the closer the approximation will be to the real 

energy requirements of a drive cycle. 

For the purpose of the predictive control in this study the whole drive cycle is considered as 

a single sample. This shows a worst case scenario of the predictive controller. It is envisaged 

that increasing the sampling frequency for this energy comparison will lead to a more 

accurate prediction of the total energy requirement. The concern for increasing the sample 

frequency, however, is the increased computational requirements of the controller. The 

reason for displaying a worst case scenario is to demonstrate the ability of the predictive 

controller to overcome the error in estimating future energy requirements and thus the 

overcharge or over discharge of the ESS. Therefore in this study, αav and βav are 

approximated from the standardised drive cycles based on the required energy calculated 

using equation 5.1 in comparison to equation 3.1. The difference in energy and the difference 

in average power are then related using the absolute average acceleration/deceleration of the 

vehicle for each case. This identifies a means for the variation in αav and βav according to the 

driving conditions mentioned previously. The drive cycles considered include those listed in 

Table 5.1. 

Table 5.1 - List of drive cycles utilised for determining αav and βav. Drive cycles are 

displayed in appendix A.3. 

Drive Cycle Abbreviation Distance (km) Time (s) 

Urban dynamo driving schedule UDDS 11.989 1370 

Highway fuel economy test HWFET 16.505 766 

US Environmental Protection Agency 's 

supplemental federal test procedure 
US06 12.886 600 

New European drive cycle NEDC 10.930 1184 

Unified driving schedule – emissions test LA92 15.796 1435 

West Virginia city driving schedule WVUCITY 5.318 1408 

Drive cycle for bus route 36 in Nuremberg, 

Germany 
NurembergR36 4.312 1084 

An aggressive driving schedule determined 

in combination with the federal test 

procedure 

HL07 10.050 421 

 

Firstly αav is approximated according to the difference in total power by using equation 5.1 

and equation 3.1 to calculate the energy requirement of the drive cycles listed in Table 5.1. 

Using a linear approximation the absolute acceleration/deceleration defines the approximate 
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difference between the actual tractive energy requirement and the estimated energy 

requirement. This difference is identified in equation 5.4: 

j

estavactav

j
a

jPjP )()( ,, 
      (5.4) 

with Pav,act being the tractive power requirement of equation 3.1 and Pav,est being the tractive 

power requirement of equation 5.1. The value of αj for each drive cycle considered for the 

analysis from Table 5.1 determines a unique α value with j = 1 ,2 ,…, N representing a 

different drive cycle such that N number of drive cycles are included. The absolute average 

acceleration/deceleration for each drive cycle is represented by aj with the absolute average 

value of equation 5.4 calculated as: 


 




n

i i

i
T

j
t

V

n
dtta

T
a

1
0

1
)(

1
     (5.5) 

Where V in equation 5.5 is the velocity and therefore ΔVi is the ith derivative of the velocity. 

This means that for each αj of equation 5.4 there is a unique āj calculated using equation 5.5, 

where i = 1, 2, …, n, similar to the power balancing problem of equation 3.47 in Section 

3.7.1, at each time step except that i must be considered as a discrete time constant with 

respect to the drive cycle and represents the sample time of the acceleration relative to the 

full driving period T. In addition, āj can be determined based on past information and varied 

according to the conditions of specific segments of the planned driving route. 

 

Figure 5.1 - Estimating αj for a given drive cycle with respect to the absolute average 

acceleration/deceleration (ā). 

Fitting a linear trend line to the data of Figure 5.1 determines the approximate αav such that: 
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02425.01055.0  aav      (5.6) 

Similarly βav is calculated according to: 
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where K is a constant that reduces βj to unity allowing the correction of predicted energy 

values when using αav and βav in equation 5.3. K is determined based on the resulting average 

of the differences between total energy using equation 3.1 and equation 5.1 for the sample 

space of N number of drive cycles. In the case of equation 5.7 the total energy requirement 

over the drive cycle is determined from the integral of the tractive power resulting from 

equation 3.1 with respect to time. 
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Pi is calculated according to equation 3.1 (Etotal,act) or 5.1 (Etotal,est) at each discrete time step i 

throughout the drive cycle. Equation 5.7 in comparison to the absolute average 

acceleration/deceleration then results with the approximation of βav as shown in Figure 5.2. 

 

Figure 5.2 – Estimating βj for a given drive cycle with respect to the absolute average 

acceleration/deceleration ā. 

From Figure 5.2 the resulting estimation βav is: 

2296.0918.2  aav     (5.9) 

Then using the average vehicle velocity and absolute average acceleration/deceleration the 

total energy requirements for a planned trip are estimated. 
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5.2.2 Error in Prediction 

Utilising the approximation of equation 5.3 and comparing against the energy calculated 

using equation 3.1 the results are listed in Table 5.2. The error in predicting the energy 

requirement is a result of the available sensitivity in sampling the expected transients of the 

drive cycle. This result is apparent from the consideration of discrete methods of integration 

versus continuous integration, the smaller the increment the greater the accuracy of the 

discrete integral [169]. Note that for the NEDC drive cycle identified in Table 5.2 the error 

in the energy prediction is 38.7 % however taking the urban and extra urban segments of the 

drive cycle leads to reduced error. The 4xECE represents the urban segment with an error of 

14.1% and the EUDC represents the extra urban segment with an error of 20.9%. While this 

large error for the energy approximation may be a concern it is shown in the proposed 

predictive controller that there are measures of redundancy in place to help with fuel 

consumption minimisation (Sections 5.7.3 and 5.7.4). With increased accuracy in the energy 

prediction it is expected that there will be increased fuel savings. 

Table 5.2 demonstrates that it is possible to predict the tractive energy requirement of 

standardised drive cycles with respect to average vehicle velocity and absolute average 

acceleration/deceleration. Such methods will provide a basis for interpreting the information 

available from GPS and intelligent transportation systems in the process of EMS control 

strategies. This application of the energy prediction is demonstrated with the predictive 

controller developed in this Chapter. 

Table 5.2 – Predicting drive cycle tractive energy requirement from average vehicle 

velocity and absolute average acceleration/deceleration. 

Drive Cycle Predicted Tractive 

Energy (kWh) 

Tractive Energy 

(kWh) 

Error (%) 

UDDS 0.538 0.521 -3.4 

HWFET 1.077 1.029 -4.7 

US06 1.359 1.250 -8.7 

NEDC 0.343 0.559 38.7 

4xECE* 0.104 0.121 14.1 

EUDC* 0.346 0.438 20.9 

LA92 0.955 0.984 3 

WVUCITY 0.138 0.163 15.4 

NurembergR36 0.172 0.179 4 

HL07 0.900 0.983 8.4 
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5.3 ICE On/Off Strategy Using Predictive Control 

Using a comparison of the expected tractive energy such as that calculated using equation 

5.8 and 5.3 with the energy consumed over a drive period allows for the consideration of 

ICE on/off times. Firstly observe the fundamental requirements of the ICE and M/G in a 

PHEV and HEV during hybrid mode of operation. Ideally the fuel energy consumed by the 

ICE should be directly proportional to the tractive energy requirement of the vehicle such 

that the net energy charged or discharged from the ESS is zero. 

)()( TETE fsysL       (5.10) 

T is the final time for the driving period with the fuel (Ef) and tractive (EL) energy being 

proportional by some average efficiency of the system (ηsys). Equation 5.10 is true if and only 

if: 

)()0( TSOCSOCSOCSOC finalinit     (5.11) 

with 

0)( TEess       (5.12) 

There are losses during the charge and discharge of the ESS which are included in the 

system efficiency (ηsys) and therefore energy losses are with respect to the fuel consumption. 

The definition of equations 5.10 to 5.12 for the hybrid mode of operation in the PHEV or 

HEV realises the fundamental approach to the problem for energy management.  

Expanding on the fundamental considerations of equations 5.10 and 5.12 in light of the 

constraint that energy discharged over a time period T must be replenished by the ICE the 

following is introduced. Referring to equation 2.2 for the hybrid mode from Section 2.2.6 the 

relationship for energy consumption of the ICE and M/G mathematically define the tractive 

power. During an ideal scenario the ICE supplies the average tractive power with the ESS 

supplying the transient loads. In addition, intermittent operation of the ICE with a minimum 

number of ICE start/stops requires that the ICE switches off for a discharge period of the 

ESS and then on for a charge period. This means that the energy available in the ESS must 

be utilised before the ICE is switched on to charge the ESS to the maximum again. On the 

other hand during a charge period the ICE must remain on until the energy stored in the ESS 

is at the maximum.  

Figure 5.3 identifies the consideration for the ICE on/off times as described above. The 

tractive energy required to drive the vehicle as represented by EL is supplied by the M/G 

during toff and then during ton it is supplied by both the ICE and M/G. The determination of 
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∆E is dependent on the amount of energy that can be charged/discharged to/from the ESS to 

ensure equation 5.11 and 5.12 hold. This also maintains that ton and toff add to equal T. 

 

Figure 5.3 - Tractive energy consumed relative to fuel energy consumed. 

From Figure 5.3 the period of toff determines consumption of energy from the ESS alone with 

the equation: 
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As decided by equation 2.2 in Section 2.2.6. It is therefore considered that the total energy 

drawn from the ESS during toff is: 
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Resulting with: 
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Equation 5.14 and 5.15 at this stage of the definition assumes constant average efficiency of 

components for the period 0 to toff, and that a deficit is occurring in the stored energy of the 

ESS. This allows the controller to determine approximate future operations with respect to 

∆E. Additionally equation 5.15 determines that the energy measured at the wheels during toff 

is the net energy consumed from the ESS minus losses, such as that considered from 

Sections 3.4 and 3.5 in the power balance between the ICE and ESS. Then during ton: 









 

dt

tdE

dt

tdE
tP ess

cgm

f

etdL

)()(
)( 11

/     (5.16) 



Chapter Five: Design of a Predictive Controller for PHEV 

153 

 

In the case of equation 5.16 the ICE is used to satisfy the load while the ESS is 

predominantly charged by the ICE. Similar to total energy discharged during toff the scenario 

for ton becomes: 
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Again assuming constant average efficiencies for ton: 
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Equation 5.18 is observed during ton in Figure 5.3. Having defined the period T = ton + toff it 

follows that at the end of toff the SOC (SOC(toff)) will have reached some low limit which 

coincides with the start of ton. Additionally the end of ton indicates that the SOC 

(SOC(toff+ton)) has reached some high limit which coincides with the start of a 

charge/discharge period T and therefore the next period (i.e. SOC(toff+ton) = SOC(T) = 

SOC(0)). 

By the same consideration EL(t)-∆E is at the end of toff and start of ton and EL(t)+∆E is at the 

end of ton and start of toff. ∆E is therefore the common parameter between equation 5.14 and 

5.17 like a simple on/off switch as is the requirement for ICE operation. From Figure 5.3 ∆E 

is defined as: 
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Leading to: 
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becoming: 

   offLesscgmfetd tETETEE   )()(2 11
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Then according to the constraints of equation 5.11 and 5.12 and the established powertrain 

operation over the period T: 
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And 
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toffLoffL EtE )(      (5.24) 

With the substitution of equation 5.15 into 5.22: 
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Equation 5.25 highlights that in order for equations 5.11 and 5.12 to hold the energy drawn 

from the ESS during toff must be replenished during ton in addition to the load. The definition 

of equation 5.25 identifies that ∆E determines the on and off times of the ICE for optimal 

drivability (i.e. minimal number of ICE start/stops).  

Furthermore, inclusion of the average efficiency of operation for the defined period T 

determines the dependence of ∆E on the losses of the powertrain. From 5.14, 5.17 and 5.25: 
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Then to generalise: 
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where b = 1 for discharging and b = -1 for charging. Equation 5.27 indicates that if the 

electrical network is ideal ∆E is dependent on fuel consumption only, however, due to the 

varying efficiencies of the ESS and M/G with respect to the requested loads the losses 

incurred from charging and discharging must be considered for the energy of the system to 

balance within one full cycle T. Identifying the differences of the charging and discharging 

with respect to time, equation 5.27 may be simplified to: 
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It is also possible to estimate Elosses(t) based on the average efficiencies of charging and 

discharging the ESS during toff and ton which would reduce the accuracy of equation 5.27, 

however, it allows for the variation of ∆E on-the-go. The selection of ∆E above therefore 

determines the on/off times of the ICE, however, more information is required in order to 

determine an optimal value of ∆E based on the constraints of the powertrain. For example 

the available stored energy is determined by the SOC swing available from the ESS such as 

that discussed in Section 4.4.1. 
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5.4 Further Constraints for ICE On/Off 

Accounting for the operation of the ICE during the previously defined period T identified in 

Figure 5.3, the ∆E is determined with respect to the available energy stored in the ESS. The 

ICE is capable of producing an output power of: 

max,0 ee PP        (5.29) 

at any given time t. For the case of the high efficiency controller of Chapter 4, however, the 

ICE operating power is limited by the selected ηe,low such that: 

  loweelowe PPP ,,       (5.30) 

Where 

loweP ,
 is the minimum power and 

loweP ,

 
is the maximum power the ICE is allowed to 

operate at to achieve the minimum efficiency ηe,low. Equation 5.30 identifies that if the 

requested load power is within the high efficiency region the ICE is able to supply the load 

directly during ton: 

)(
)(

)( tP
dt

tdE
tP etd

f

etdL      (5.31) 

In addition, for PL less than 

loweP ,
 the following occurs with respect to equation 4.1: 

)()()(/ tPtPtP Legm       (5.32) 

with  

 lowee PtP ,)(        (5.33) 

Meaning that the power absorbed by the M/G is less than or equal to 

loweP ,
, for example: 

;0)( tPL  
 loweegm PtPtP ,/ )()(     (5.34) 

Such that equation 5.34 defines the constraints for the ηe,low at any given time. The ESS must 

be able to absorb: 

 lowecgmgmcgmess PPtP ,/max,//max, )(     (5.35) 

Relative to the maximum instantaneous power the M/G and ESS can absorb at any given 

time the ESS may have a minimum charge time in place to ensure prolonged ESS life [44, 

170]. Referring to Figure 5.4, a charging scenario of the ESS is shown with respect to a 

predefined SOC swing (∆SOC) and a target SOC (SOCtarget) such as that discussed in 

Sections 4.4.1 and 4.4.2. Instead of calculating how far the SOC is from the SOCtarget to 

determine the required charge the controller operates between the maximum (SOCtarget + 
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∆SOC) and minimum (SOCtarget - ∆SOC). This period of charge and discharge is determined 

by the method of ICE on/off described in Section 5.3, however, it is also dependent on 

whether the ESS can absorb the maximum charge power developed by the ICE.  

 

Figure 5.4 - Constraint for charging ESS.  

Figure 5.4 relates the SOC of the ESS to the defined ton for ICE on/off. This relationship 

highlights that in order to maintain some minimum on time of the ICE the ∆SOC must 

coincide with the developed ICE power of equation 5.35 such that: 
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   (5.36) 

Equation 5.36 identifies that the minimum ICE on time (ton,min) is dependent on the maximum 

charge power the ICE sends to the ESS. The maximum charge power is either determined by 

the ESS specifications such as a maximum RMS current (IRMS) or the minimum operating 

power of the ICE (ηm/gηc


loweP ,
). This highlights that the constraints introduced by the 

specifications of the ESS may influence the selection of ηe,low (from Section 4.3.3) depending 

on the topology and the components utilised. If the ESS is comprised of a battery and 

ultracapacitor, larger transients can be absorbed by the ESS over short time periods, without 

the ultracapacitor the capacity for absorbing large transients is reduced [103]. On the other 

hand the ∆SOC restricts the discharge power of the ESS as identified in Figure 5.5.  
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Figure 5.5 – Constraint for discharging ESS.  

Figure 5.5 provides the alternative constraints for toff such that ∆SOC determines the 

available stored energy and therefore the ∆E during ESS discharge. Ideally the ICE will 

remain off until the SOC reaches the defined lower limit. Figure 5.5 therefore introduces the 

constraint of equation 5.37: 

SOC
E

cgmtd




2
2

/ 
     (5.37) 

Once the SOC of the ESS has fallen below the low limit (SOCtarget-ΔSOC) the ICE will start 

again. It is the required tractive energy during toff that determines the ΔSOC for the control 

system which is then utilised to calculate approximate ICE on/off frequency as well as on/off 

times (ton and toff). The average tractive power (Pav in Section 5.2.1) required from the ICE 

and ESS for a given trip helps predict when the ICE needs to turn on according to the 

following inequality: 
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Leading to: 
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Where SOC(0) is the initial SOC of the ESS at the start of driving or once the ICE has been 

switched off after a charge period (ton). Pav as discussed in Section 5.2.1 is determine from 

the expected driving route using the average vehicle velocity and absolute average 

acceleration/deceleration with respect to GPS or intelligent transportation system 

information and recorded vehicle data. Equation 5.39 also implies that: 

  totalesscgmtd ESOCSOCE ,/ )0(      (5.40) 



Chapter Five: Design of a Predictive Controller for PHEV 

158 

Equation 5.40 holds for the period toff assuming that at t = 0, the energy consumed by the 

vehicle (EL(0)) is equal to the SOCtarget which is the requirement for the constraints of 

equation 5.11 and 5.12. It is therefore considered that equation 5.39 is a direct result of 

equation 5.37 in defining the relationship between ΔSOC and ΔE. Once the controller can 

calculate the ICE off time it has a means for determining the ICE on time and required ηe,low 

with respect to the predicted energy ( *

totalE ) and in comparison to equation 5.34. Following 

the same procedure ton is defined similarly to equation 5.38: 
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Evaluating to: 
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This is also equal to: 
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As long as the inequality of equation 5.43 holds the ICE should remain on. This means that 

for the full period of the drive cycle the charge cycle needs to determine an approximate 

Ef(ton) according to: 
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    (5.45) 

Equation 5.45 then relates back to equation 5.21 if average efficiency and power values 

accurately represent vehicle operations during real-world driving conditions. Equation 5.45 

demonstrates that for minimum fuel consumption during ton the powertrain and drivetrain of 

the vehicle should achieve maximum efficiency of operation. This strategy in combination 

with the ESS SOC maintenance defines the importance of operating the ICE in a high 

efficiency region.  
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5.5 Control Equations 

The three main control equations resulting from the mathematical investigation of Section 

5.3 relative to the constraints of Section 5.4 and the measurements available from the test 

vehicles of Chapter 3, including: 
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Equations 5.46 to 5.48 lead to the definition of the objective function: 

Objective: minimise )( onf tEJ      (5.49) 

With the constraints: 

Subject to: 
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   (5.50) 

Equation 5.49 determines the objective function for the proposed predictive controller in 

terms of the constraints defined by equation 5.50. The constraints of equation 5.50 indicates 

that for any load request the power ratings of the ESS and M/G restrict optimisation such 

that they must be able to meet the maximum requested load power during ICE shutdown. If 

the power ratings for either the ESS or the M/G are too low the vehicle will not be able to 

sustain the required load. In addition, the high efficiency region defined by ηe,low and 

therefore 

loweP ,
 and 

loweP ,
 restricts ICE operation aiding with the minimisation of equation 

5.49. For the objective function to hold (as defined in Section 5.4) the power limit of the ESS 

(Pess,max(t)) must exceed the minimum power (ηcηm/g


loweP ,
) the high efficiency control forces 

the ICE to develop in the event that requested load is zero. ICE on/off is controlled by the 

SOC limits as discussed in Section 5.4. Finally, for the ICE to remain on during ton, the fuel 

energy consumed (ηdηtηeEf(ton)) in comparison to the expected tractive energy requirement 

must not exceed the upper limit (EL+∆E). If the fuel energy consumed does exceed the upper 
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limit the ICE will switch off. In most cases the upper limit is defined by SOChigh of the ESS 

since the SOC swing (i.e. SOChigh-SOClow) of the ESS is the ultimate constraint for ICE 

operation as defined here. The defining factor for the objective function is the selection of 

the high efficiency region over time and thus the value of ηe,low. 

5.6 Approximating ηe,low on-the-go. 

Utilising SOC swing alone the charge and discharge of the vehicle is determined according 

to the total driving time. Using the estimated trip energy and total energy in one SOC swing 

(2∆SOC) an approximate number of charge/discharge cycles may be determined. To ensure 

that the initial SOC (SOCinit = SOC(0)) is maintained a half discharge cycle must also be 

considered in the estimation. This leads to: 
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Where fe is the frequency of ICE on/off periods, *

totalE  is the estimated total tractive energy 

using *

tript  and Pav from Section 5.2.1. The charge/discharge period is then approximated as: 

e
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f

t
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       (5.52) 

Using the period for each charge/discharge the ICE on time (ton) is known at the start of a 

charging period to achieve the constraints of equation 5.11 and 5.12 such that: 

offon ttT        (5.53) 

Leading to: 
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f

t
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    (5.54) 

This will ensure that regardless of the discharge time taken the total time of the 

charge/discharge will be equal to T allowing a minimum number of ICE start/stops. This 

approximation is a simplification of the control problem, and therefore it may lead to 

unrealistic charging expectations especially if toff exceeds T. The approximation, however, 

determines the required 

loweP ,
 with respect to the constraints of the objective function 

(equation 5.50).  

For the intermittent ICE operation defined here it is expected that the ICE will remain on 

until the fuel energy consumed exceeds the considered upper limit. Assuming that the initial 
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SOC (SOCinit = SOC(0)) is the target SOC (SOCtarget), and the average power requirement for 

the load will vary about Pav equally over a drive cycle, the charge period (ton) by rearranging 

equation 5.45 with respect to the objective function determines the average ICE power: 
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    (5.55) 

With Pavton being the tractive energy required during ton and the SOC component being the 

energy required to recharge the ESS over the period ton. The average efficiency values of ηe, 

ηt, ηd, ηc and ηm/g are estimated from past driving information (during ton) at the expected 

speeds from the initial trip energy analysis. Alternatively these average efficiencies may be 

based on recent moving average values so as to account for recent transients. The assumption 

is that the efficiencies will be consistent due to the small windows of operation the controller 

enforces onto the ICE. From equation 5.54 ton is known at the beginning of the ICE on period 

then following the recording of trip energy according to the constraints of equation 5.50 the 

ICE will switch off either when Ef(ton) exceeds EL+∆E or when the SOChigh limit is reached. 

Note that 

loweP ,
 is directly related to ηe,low and thus the value defining the high efficiency 

region is calculated on-the-go. 

5.7 Implementing Predictive Control Strategy 

The optimal control for a typical test bench is outlined in Figure 5.6. The load power ( *

LP ) 

requested at the wheels of the vehicle is converted into the potential ICE power ( *

eP ) 

requirement. The controller then determines the optimal operating torque ( *

eT ) and speed (

*

e ) the ICE is required to supply based on some constraints. By limiting the ICE to some 

desired operating region the ESS charge ( *

essP ) requirement and mechanical losses (PJ(t-1))of 

the drivetrain are considered for the requested load. Finally, the recorded average ICE power 

(Pe,av) is utilised to determine the optimal ηe,low value with respect to the recorded fuel 

consumption (ṁf(t-1)→Ef(ton)). 

Having defined the objective function and associated constraints for optimal control in 

Section 5.5 the implementation of the high efficiency control for the ICE must adhere to the 

real-world limitations of the vehicle configuration utilised. Therefore, the proposed 

predictive control must be evaluated on a real-world model for comparison of performance 

using the measured data. Here the Toyota Prius is utilised since this is a power-split topology 

that demonstrates the most flexibility in control of the three test benches available. In 

addition, the power ratings of the M/G on both the Hyundai and Honda limit the ability to 
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switch the ICE off, such that load requirements would need to be satisfied by the ICE for the 

majority of tractive power requirements. 

5.7.1 Constraints of the Toyota Prius 2010 

During simulation of the Toyota Prius it was found that with periods of ICE shut down the 

power rating of the ESS and M/G failed to supply the load of large transients during 

acceleration. This was noted in the trace miss for the comparison of the requested vehicle 

speed and achieved vehicle speed, as shown in the appendices (Section A.4). For this reason 

the ICE is required to be on or available to be switched on in order for the test bench to meet 

the acceleration requirements. Therefore, the defined control strategy for ICE on/off must be 

altered to account for this. Since it is not possible to predict when the user requires the 

vehicle to accelerate at maximum power it is a difficult task to determine when the ICE is 

allowed to be switched off [91]. Figure 5.6 identifies that the ICE on/off control is primarily 

determined by the requested power. In addition, a number of rules are introduced inside the 

“Need ICE On?”, block of Figure 5.6 to anticipate the ICE on requirement and make sure the 

vehicle can meet the vehicle speed trace. These rules are identified in Table 5.3 such that if 

all four inequalities are true the ICE will shut down.  
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Figure 5.6 – EMS control structure identifying the signals required for the predictive 

controller. 

Table 5.3 - ICE off rules for the Toyota Prius 2010. 

Vehicle Parameter Rule (True = ICE OFF) 

Requested load power *

LP  < 

loweP ,
 

ESS SOC SOC > SOClow 

Vehicle velocity V < VZEV 

ICE coolant temperature TICE ≥ THOT 

Utilising the rules of Table 5.3, simulations of the Toyota Prius indicated that there are still 

some issues with meeting the vehicle speed trace. In order to solve this issue the requested 

acceleration and measured vehicle speed were utilised in order to have the ICE switch on at 

the required times.  
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Figure 5.7 - ICE on/off strategy with respect to acceleration. 

 

Figure 5.8 - ICE on/off strategy with respect to vehicle velocity. 

Figure 5.7 and Figure 5.8 describe the ICE on/off constraints with respect to the vehicle 

velocity (V) and vehicle acceleration (a) for the Toyota Prius 2010, which are dependent on 

the rules in Table 5.3. This means that the rules of Table 5.3 must allow ICE on operation 

before considering the rules of Figure 5.7 and Figure 5.8. De is the enable signal for the ICE. 

Values of V1, V2, V3, a1 and a2 are determined with trial and error on standardised drive 

cycles. The main requirement for their selection being that the vehicle must meet the vehicle 

speed trace over the drive period. The selection of each variable must adhere to the following 

inequalities otherwise the rules defined in Figure 5.7 and Figure 5.8 will not hold.  

213 VVV   and 21 aa   

The rules of Figure 5.7 resulted from an observation of the charge and discharge of the ESS 

and the consideration that increasing the torque for charging the ESS at high speed incurs a 

smaller change in the already high load torque requested [11]. The rule indicates that if the 

ESS requires charging and the vehicle speed is high enough then the ICE must be on to allow 

the charging of the ESS above the selected acceleration a1. On the other hand the rule 

ensures that the ICE does not have to operate if the SOC is above SOCtarget. Figure 5.8 

provides an additional constraint for ICE operation at higher vehicle speed as opposed to 

VZEV which is for lower vehicle speeds. For the Toyota Prius 2010 the vehicle speed trace is 

met for the three tested drive cycles having the velocities V1, V2, and V3 equal to 14, 12, and 

18 m/s and acceleration a1 and a2 equal to 0 and 0.5 m/s
2
 respectively. These rules for ICE 

on/off are independent of the predictive control strategy indicating that ICE operation in the 

Toyota Prius 2010 does not fit the defined control strategy of Section 5.4. 
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Since the ICE on/off control is dependent on the vehicle speed trace with the rules defined in 

Table 5.3, Figure 5.7 and Figure 5.8, it is no longer possible to maintain the ton and toff as 

described in Section 5.4. Using the same principle for fuel consumption reduction it is, 

however, possible to utilise the predictive energy for autonomous control of the high 

efficiency region while meeting the vehicle speed trace. The average ICE power output 

(Pe,av) featured in equation 5.55 in reality can be recorded at the output shaft of the ICE, 

however, in simulation it is recorded from the load power requested ( *

LP ), ESS power 

requirement ( *

essP ) and inertial power losses (PJ(t-1)). Instead of having a distinct ICE on/off 

period the controller exhibits an approximate charge/discharge period where the ESS is 

periodically charging and discharging. This means that the average power for a 

charge/discharge period calculated using equation 5.52 must be met by the ICE. This average 

power requirement is calculated as: 
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(5.56) 

where the average ICE power (Pe,av(t)) requirement at time t recorded by the controller is 

obtained based on the estimated expected total energy of the drive cycle and the past 

consumed energy of the drivetrain. 
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And 

)1()1()(  tPtPtP JLL      (5.58) 

Equation 5.56 is the recorded average power requirement of the ICE relative to the previous 

time step. By comparing the average recorded load power consumed in equation 5.57 from 

the start of driving at t0 to the current time (t), the controller calculates how much energy the 

ICE is required to produce before the end of the planned driving route. The right hand side of 

equation 5.56 identifies the required variation in the average ICE power requirement due to 

the ESS SOC. Monitoring the average load requirement in this way records any transients in 

the load, maintaining a record of the expected energy to be consumed in the future. Due to 

the ICE on/off rules defined above, the SOC of the ESS is no longer controlled according to 

the method discussed in Section 5.4. This means that required output power of the ESS (

)(* tPess
) is no longer a part of the optimisation and another method is needed in order to 

maintain ESS SOC.  
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Similar to the controller presented in Chapter 4 the ESS SOC during driving is monitored 

with respect to the difference between the measure SOC and SOCtarget. The charge/discharge 

block of Figure 5.6 utilises the following equation to determine the charge power required 

for the ESS. 

  )1()1()1()1()( /,arg

*  tttPtSOCSOCtP b

c

b

gmaveettess    (5.59) 

Note that )(* tPess
 in equation 5.59 is determined from the past recorded Pe,av(t-1) of the ICE 

output power to ensure that the calculation of )(* tPess
 does not cause a singularity when 

evaluating equation 5.56 in simulation. SOC(t-1) is the previously recorded SOC, ηm/g is the 

M/G efficiency, ηc is the coulomb efficiency, b = -1 for charging and b=1 for discharging. 

The consideration of equation 5.56 and 5.59 results from the ΔE discussion previously, 

where all energy consumed from the ESS in time toff must be replenished during ton. Instead 

of having ton and toff determined by ΔE or the SOC of the ESS, ηe,low is used as the balancing 

parameter between ICE power developed and charge/discharge of the ESS. This 

consideration relies on the assumption that the difference between the average ICE power 

and actual load power is reflected in the SOC of the ESS. The current selected value of ηe,low 

will set the constraints for the ICE, then using the feedback from the transient response (i.e. 

equation 5.59) future values of ηe,low will be calculated and utilised accordingly. 

5.7.2 Implementing Predictive Control in the Toyota 

Prius 2010 

Translating this average ICE power to the high efficiency region requires knowledge of the 

ICE performance map such as the efficiency contours observed in the figures of Section 4.3. 

Here the average ICE power requirement of equation 5.56 is mapped to the available ηe,low 

values as they occur in the performance map. The VSC defined in Section 4.3.2 identifies the 

optimal efficiency of the ICE to satisfy a given power level [98]. Similarly this concept is 

utilised to determine the specific ηe,low value to select for ICE operation. Defining a vector 

containing a number of ηe,low values and cross referencing these values using VSC on the ICE 

performance map a second vector contain ICE average power levels for equation 5.56 is 

established. 
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With ηe,max ≥ ηe,low(n) >…> ηe,low(2) > ηe,low(1) ≥ 0 and Pηe,max ≥ Pe,av(n) >…> Pe,av(2) > Pe,av(1) ≥ 0, 

leading to corresponding pairs from each vector 
lowe,  and 

aveP ,
. The vectors in equation 5.60 

allow equation 5.56 to be fed into a look-up table to output the corresponding *

,lowe  value 

such as that shown in Figure 5.9.  

 

Figure 5.9 - Selecting optimal high efficiency region for ICE operation. 

The selection of ηe,low in the controller considered here is to avoid operating the ICE at low 

torques and speeds where the majority of inefficient operations occur [108]. It was 

previously noted that restricting the ICE for high power requests limited the acceleration 

performance of the vehicle while drawing more energy from the ESS at higher vehicle 

speeds unnecessarily (Sections 4.9.4 and 4.9.6). This operation lead to increased average fuel 

consumption since the ICE would have to regenerate energy consumed from the ESS. Figure 

5.9 identifies that if the output power of the ICE exceeds the maximum average ICE power 

considered in mapping ηe,low values, ηe,low is set to the minimum.   

Following the optimal selection of ηe,low according to the procedure defined above the 

controller must still decide if a requested power is met by the ICE or ESS. Figure 5.10 

identifies the additional control decisions considered for the selection of ICE output power 

based on ηe,low. Firstly, the predictive controller determines if the requested power lies within 

the high efficiency region calculated for the current load conditions. In the case that the 

requested power Pe
*
 is considered to fall within the high efficiency region it is passed 

straight through, this also relies on the need to have the SOC above SOCtarget. In the event 

that SOC is below SOCtarget, the vehicle speed is below the V3 and the charge depletion mode 

(discussed in Section 5.7.4) is not active the controller will select the maximum of 

loweP ,
 and 

*

eP . If SOC is greater than the target or the vehicle speed is greater than V3 and the requested 

power is greater than the power developed at maximum efficiency (Pηe,max), then *

eP  = 

loweP ,
. 

Alternatively to this last case, if instead the SOC is low and the vehicle speed is above V3, 

then the required charge power will be high as determined by equation 5.59 meaning that 

Pe,av will be higher than the saturation (Figure 5.9), forcing ηe,low to be selected as a 

minimum. This leaves the ICE unrestricted and allows it to supply maximum power to the 
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load. Finally, during charge depletion mode (the “CD mode?”, block in Figure 5.10) the 

requested ICE power is set to zero if the SOC is greater than the target and the requested 

power is below the power developed at maximum ICE efficiency (Pηe,max). 

 

Figure 5.10 - Selecting ICE output power with respect to high efficiency control. 

5.7.3 Avoiding Charge Sustenance mode in Blended 

Charge Depletion 

To account for the over discharge of the ESS during driving a method for monitoring the 

SOC is introduced to anticipate increasing power requested from the ICE. This concern is 

discussed in Section 5.2.1 with Table 5.2 displaying a high error in the estimated energy for 

some drive cycles. By monitoring the average discharge power from the ESS and the 

remaining trip time (ttrip), the controller forces the ICE to recharge the ESS prior to an 

expected over discharge of the ESS. Using a set-reset (SR) flip-flop controller the expected 

over discharge towards the end of driving forces the ICE to charge the ESS according to:  
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where Eess,total is the energy stored in the ESS at 100% SOC, Pess,av(t) is the average power 

consumed from the ESS over the current drive period from t = 0 to the current trip time (t), 

Eess,r is the remaining stored energy in the ESS, and in simulation is estimated as: 

)(3600)()()( ,, tSOCAhVNtSOCtEtE essessesstotalessress    (5.62) 

Ness is the number of modules in the ESS, Vess and Ahess are the average open circuit voltage 

the amp-hour rating of a single module and SOC(t) is the measured SOC of the ESS. Using 
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equation 5.61 to determine the time to set the ICE to charge the ESS the controller has the 

ability to determine if the future energy requirement from the ESS is more than the stored 

energy remaining. The concern with setting the ICE to charge is anticipating when to begin 

discharging again so that the ICE does not consume more energy than is required for the 

remainder of the planned trip. Using the same principle the remaining energy required from 

the ESS is utilised to establish the minimum SOC required to satisfy the load until the end of 

driving. The reset of the SR flip-flop relies on: 

   tttPtESOCtSOC tripavesstotalesslow  )()()( ,,   (5.63) 

Combining both equation 5.61 and 5.63 the set and reset respectively for ESS charging 

towards the end of driving is accounted for. Figure 5.11 identifies a method for creating an 

SR flip-flop in MATLAB. Using logic ‘NOT OR’ blocks (NOR) and memory blocks; the 

enable (Q) determines when to switch a device on or off with respect to the set and reset 

conditions. 

 

Figure 5.11 – Method for establishing an SR flip-flop using logic blocks in MATLAB. 

The reason for using the SR flip-flop is because of the impulse set and reset. Once a 

condition has been met on either of the set or reset inputs, the output will remain in the 

previous state until the alternative condition is met. For example if the conditions for setting 

Q are met, Q becomes equal to logic 1 and remains set at 1 until the conditions of the reset 

are met at which time Q is reset to logic 0 (Q* is the conjugate of Q). By this logic an SR 

flip-flop allows the continuous output of a signal according to a single event occurring at any 

given time. This means that once equation 5.61 is true the SR flip-flop will set the ICE to 

charge until equation 5.63 becomes true. 
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5.7.4 Charge Depletion mode at Final Stages of Driving 

In addition to the over discharge of the ESS, the estimated energy requirement for driving as 

determined by the controller may be in excess, meaning that the ESS will not utilise all the 

stored energy and potentially consume more fuel energy than is necessary. Using the 

estimated trip time with respect to the SOClow limit selected for the ESS and the average 

power requirement of the drive cycle, the controller estimates when to enter charge depletion 

mode.  
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Combining equation 5.64 with a second SR flip-flop the charge depletion mode reduces the 

SOCtarget to ensure that at the end of driving the ESS approaches the SOClow limit, utilising 

any available stored energy and further conserving fuel. For example equation 5.59 becomes: 

  )1()1()1()1()( /,

*  tttPtSOCSOCtP b

c

b

gmavelowess    (5.65) 

which proportionally reduces the demand on the ICE according to equation 5.56 (with 

SOCtarget = SOClow). The two considerations for over discharge or using excess stored energy 

at the end of driving help the controller to maximise the use of stored energy in the ESS of 

PHEV over a planned driving route whilst minimising fuel consumption. This outcome is 

demonstrated in comparison to the original controller and the developed non-predictive high 

efficiency controller discussed in Chapter 4. 

5.8 Results 

Following the analysis of the non-predictive high efficiency controller in Section 4.9, the 

autonomous control involved with selecting the high efficiency region using the predicted 

information demonstrates improved performance for PHEV. To show the improvement to 

efficiency of operation the predictive and non-predictive controllers are compared against the 

original controller with SOC corrections. This comparison identifies that the fuel consumed 

over the drive period is not being redistributed to the ESS. Alternatively, the operation of the 

predictive controller improves the utilisation of the ESS stored energy over the full drive 

cycle through the novel method of blended charge depletion. Finally, the error in predicting 

the total energy and trip time is demonstrated with respect to increased input energy 

consumption. 

5.8.1 Modifications for PHEV Operation 

In order to demonstrate a fair comparison of the original, non-predictive and predictive 

controllers the charge depletion mode defined in Section 5.7.4 is included in the original and 
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non-predictive controllers as well. Simply by monitoring the trip time (ttrip) relative to the 

SOC as discussed in Section 5.7.4 the target SOC at the end of driving is varied to the 

SOClow limit in order to consume more ESS energy at the end of driving. Such operation is 

similar to the charge depletion mode typically seen at the start of driving in PHEV [7], 

however, the original controller does not operate in the described mode in the Toyota Prius 

2010. This mode of operation highlights that the predictive controller is not simply relying 

more heavily on the ESS but instead it is calculating when to supply energy from the ESS in 

order to minimise fuel consumption. In effect the described mode for the original controller 

is providing an insight into how it would operate the Toyota Prius as a PHEV. The analysis 

that follows in this Section demonstrates that without the optimisation of the predictive 

controller described in this Chapter the original and non-predictive controllers have limited 

capability for utilising the ESS stored energy and minimising fuel consumption. 

5.8.2 Operations of the Predictive Controller 

During the drive period the predictive controller measures and estimates a number of 

quantities in the process of energy management. Section 5.2.1 discusses the calculation of 

the required energy ( *

totalE ) for a drive cycle based on the specifications of the vehicle, 

average vehicle velocity and the average absolute acceleration/deceleration of the vehicle 

over the drive period. This estimation of the required energy leads to the calculation of the 

average power requirement over the drive cycle which then helps in the selection of the high 

efficiency region (i.e. a value of ηe,low).  

Figure 5.12 is an example of the estimated tractive power required from the Toyota Prius` 

ICE during operation for the UDDS over three continuous runs of the drive cycle. As 

discussed in Section 5.7.1 with equation 5.57 the average tractive power requirement (Pav) is 

approximated based on the estimated energy requirement ( *

totalE ) of the drive cycle. The 

developed power of the ICE is subtracted from the initial estimated energy requirement to 

determine remaining average tractive power estimates. This is evident from the decreasing 

average tractive power requirement over time during the drive cycle in Figure 5.12. Towards 

the end of the drive cycle erratic transients occur in the estimated tractive power, due to the 

low level of remaining tractive energy of equation 5.57 with respect to the load transients of 

the drive cycle. This highlights the importance of including the modes of Sections 5.7.3 and 

5.7.4 such that the operation of the ICE is not reliant on the erratic behaviour of the average 

tractive power estimate toward the end of a planned trip. 
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Figure 5.12 - Example of estimated tractive power (Pav) over three continuous runs of 

the UDDS. 

Figure 5.13 is an example of predicting the high efficiency region over the UDDS with the 

ηe,low(1) = 0.2 and ηe,low(n) = 0.34 (Section 5.7.2). During the majority of time periods where the 

ICE is restricted to ηe,low = 0.2 in Figure 5.13 the ICE is switched off, the recorded signal 

assumes that the ICE always operates such that when it does switch on it will have the 

minimum efficiency identified. An interesting point to note from Figure 5.13 is that the 

majority of ICE operation is restricted to the calibrated high efficiency region of the HEC-V 

controller in Section 4.9 with ηe,low = 0.28, supporting the use in the non-predictive controller. 

 

Figure 5.13 – Predicting ηe,low from the average power requirement of Figure 5.12 over 

three continuous runs of the UDDS. 
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5.8.3 Preliminary Results for Controller Operations 

Here the three controllers are intended to operate as PHEV in which case charging of the 

ESS occurs at the end of a driving period. However, to show a fair comparison of the three 

controllers SOC correction is utilised as if charging of the ESS occurs by the ICE. This 

endeavours to demonstrate that even though the predictive controller is more heavily reliant 

on the ESS stored energy it is minimising fuel consumption based on the energy 

requirements of the drive cycle. One of the main outcomes for this Section is that simply 

operating a HEV with increased reliance on the ESS does not lead to improved overall 

efficiency of the vehicle.  

Table 5.4 identifies the performance of the three controllers before any corrections are 

considered. The first point to note is that the predictive controller is reducing the fuel 

consumption over city drive scenarios (UDDS and NEDC), however, it struggles on the 

highway driving scenario (HWFET). Secondly, in terms of the drivability as discussed in 

Section 4.9.3, with respect to the analysis completed in [38] the operation of the predictive 

controller on the NEDC is a potential concern.  

Assuming that the same outcomes from [38] apply to hybrid vehicles in general the 

following is concluded. Operation observed an increase in the number of ICE events from 11 

to 16 for the non-predictive controller and then up to 31 ICE events for the predictive 

controller. Over the full drive cycle this is just under 3 ICE events per kilometre for the 

predictive controller. Considering that the total number of ICE events reported in [38] on the 

federal test procedure (FTP) drive cycle observes up to 5 ICE events per kilometre the ICE is 

capable of sustaining the start/stop frequency as per the predictive controller. In addition, the 

predictive controller experiences one ICE event every 38 seconds compared against the test 

vehicle of [38], which experiences one ICE event every 23 seconds. For the UDDS and 

HWFET the total number of ICE events are similar or less than the original controller and 

therefore will not negatively affect performance [38]. The analysis completed in [38] 

suggests that operating the Toyota Prius 2010 with the predictive controller has little to no 

adverse effects on the drivability. This leads to the consideration of SOC corrections in 

demonstrating the improved operating efficiency using the predictive controller. 
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Table 5.4 - Operation of the three controllers with the inclusion of a charge depletion 

mode at the end of driving. Original is the controller developed from the measured 

data, HEC-V is the high efficiency controller from Section 4.9.6 and HEC Predictive is 

the predictive high efficiency controller described in this Chapter. 

Drive Cycle Component Parameter 

Toyota Prius 2010 

Original 

HEC-V 

(ηe,low1 =20, 

ηe,low2 =28) 

HEC 

Predictive 

UDDS 

Tractive Energy (kJ) 1256.73 1256.80 1256.71 

Energy Used (kJ) 12561.97 11508.11 10936.19 

Overall Efficiency (%) 10.00 10.92 11.49 

Fuel Cons.  (L/100km) 3.22 2.91 2.68 

ICE Events 56 59 44 

Generating AVG 

Efficiency 
86.50 87.11 87.53 

ESS AVG Charge 

Efficiency (%) 
89.77 89.52 89.48 

ESS Initial SOC (%) 60.00 60.00 60.00 

ESS Final SOC (%) 53.79 51.31 45.72 

Fuel Cons.  Improvement 

(%) 
- 9.67 16.73 

HWFET 

Tractive Energy (kJ) 3275.89 3275.87 3275.87 

Energy Used (kJ) 17219.47 15838.85 16127.08 

Overall Efficiency (%) 19.02 20.68 20.31 

Fuel Cons.  (L/100km) 3.29 2.95 3.00 

ICE Events 5 5 5 

Generating AVG 

Efficiency 
90.15 89.78 89.71 

ESS AVG Charge 

Efficiency (%) 
92.40 90.68 90.56 

ESS Initial SOC (%) 60 60.00 60.00 

ESS Final SOC (%) 60.39 52.11 51.64 

Fuel Cons.  Improvement 

(%) 
- 10.52 9.00 

NEDC 

Tractive Energy (kJ) 1643.56 1643.56 1643.55 

Energy Used (kJ) 11780.98 10416.85 10115.89 

Overall Efficiency (%) 13.95 15.78 16.25 

Fuel Cons.  (L/100km) 3.39 2.85 2.64 

ICE Events 11 16 31 

Generating AVG 

Efficiency 
87.62 85.62 88.12 

ESS AVG Charge 

Efficiency (%) 
91.72 90.04 90.47 

ESS Initial SOC (%) 60 60.00 60.00 

ESS Final SOC (%) 59.77 49.78 41.52 

Fuel Cons.  Improvement 

(%) 
- 16.04 22.26 

Acceleration 

Performance 
0-100km/h (sec) 10.7 12.7 12.6 
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5.8.4 Operation of Controllers in HEV 

Due to the inability of HEV to recharge the ESS from the grid at the end of driving the fuel 

consumption performance of controllers featured in recent research are subject to SOC 

corrections. This SOC correction demonstrates a fair comparison of each controllers 

operation such that fuel consumption reductions are due to factors other than the relocation 

of load requirements from the ICE to the ESS [44, 170]. The SOC correction is determined 

for increased average fuel consumption relative to the difference between the initial and final 

SOC [33]. 

 
dQ

SOCSOCE
FC

fHVchggm

opt

e

finalinittotaless

 /

,

1000

100 
     (5.66) 

where ΔFC is the change in final fuel consumption due to recharging the ESS, Eess,total is the 

total capacity of the ESS, SOCinit is the initial SOC, and SOCfinal is the final SOC, 
opt

e  is the 

optimal ICE efficiency of operation at stand still, ηm/g is the average M/G efficiency during 

charging, ηchg the average ESS charge efficiency (both  ηm/g and ηchg values are taken from 

Table 5.4), QHV the high heating value of the fuel, ρf the density of the fuel and d the distance 

covered by the vehicle during the drive test. The additional energy consumed from 

recharging the ESS using the ICE is calculated using: 
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with the new total energy used being: 

HEVessfcorrected EEEE       (5.68) 

If final SOC is greater than the initial SOC the recorded fuel consumption from simulations 

remains unchanged. This is due to the consideration that once fossil fuel has been consumed 

it cannot be reformed or regenerated. Table 5.5 identifies the corrected energy consumption, 

overall efficiency and fuel consumption of the three controllers using the data of Table 5.4 

and equations 5.66 to 5.68. Initially the results suggest that there is no benefit in using the 

HEC predictive controller in comparison to the original controller since the HEC predictive 

controller has increased fuel consumption on the NEDC.  

Due to the optimisation approach in the predictive controller it relies more heavily on the 

ESS knowing that it does not need to conserve stored energy for later use. The increased fuel 

consumption in the predictive controller over the NEDC is therefore a result of consuming 

increased amounts of ESS energy during blended charge depletion as opposed to the vehicle 

operating inefficiently. The predictive controller observes that it is approaching the end of 
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the drive cycle and therefore does not need to maintain the ESS SOC for future tractive load 

requirements. This results in the decision to discharge energy from the ESS to satisfy load 

demand. 

Table 5.5 - SOC correction using the ICE for the three controllers over a single run of 

each of the drive cycles. 

Drive Cycle 
Component 

Parameter 
Original HEC-V 

HEC 

Predictive 

UDDS 

Energy Used (kJ) 13722.78 13125.72 13583.30 

Overall Eff. (%) 9.16 9.58 9.25 

Fuel Consumption 

(L/100km) 
3.52 3.33 3.38 

Fuel Cons.  

Improvement (%) 
- 5.42 4.19 

HWFET 

Energy Used (kJ) 17152.21 17245.09 17620.14 

Overall Eff. (%) 19.10 19.00 18.59 

Fuel Consumption 

(L/100km) 
3.28 3.21 3.28 

Fuel Cons.  

Improvement (%) 
- 1.99 0.00 

NEDC 

Energy Used (kJ) 11822.31 12340.78 13481.70 

Overall Eff. (%) 13.90 13.32 12.19 

Fuel Consumption 

(L/100km) 
3.41 3.41 3.61 

Fuel Cons.  

Improvement (%) 
- 0.00 -5.96 

  

High efficiency control is demonstrated by increasing the distance driven by the vehicle for 

the same drive cycles. Table 5.6 lists the SOC correction for the three controllers’ 

performance over three runs of each respective drive cycle. By simulating the three 

controllers for three runs of each drive cycle the distance travelled by the vehicle is 

increased. This means that the ESS stored energy must be conserved in order to maintain 

ESS SOC until the end of driving. Observing the improvement to fuel consumption of the 

two proposed controllers after SOC correction over the three runs of each drive cycle 

concerns for the efficiency of operation are mitigated.  

On the other hand, Table 5.6 suggests that the autonomous optimisation using the predictive 

controller is not as efficient as the calibrated non-predictive controller. This indicates that for 

autonomous optimisation there is a small sacrifice to the efficiency of operation. In the case 

of the original controller it operates in normal mode of operation until the final stages of the 

drive cycle as discussed in Section 5.8.1. Then when it finally enters the charge depletion 

mode there is not enough tractive energy demand remaining in the current drive period to 

utilise the ESS energy. This results with the original controller consuming ESS energy 

without showing any benefit in reducing the average fuel consumption.  
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Table 5.6 – SOC correction using the ICE for the three controllers over three 

continuous runs of the respective drive cycles. 

Drive Cycle 
Component 

Parameter 
Original HEC-V 

HEC 

Predictive 

3x UDDS 

Energy Used (kJ) 39809.22 37393.19 38970.05 

Overall Eff. (%) 9.47 10.08 9.67 

Fuel Consumption 

(L/100km) 
3.46 3.24 3.31 

Fuel Cons.  

Improvement (%) 
- 6.35 4.32 

3x HWFET 

Energy Used (kJ) 51540.68 49845.35 51045.62 

Overall Eff. (%) 19.07 19.72 19.25 

Fuel Consumption 

(L/100km) 
3.28 3.15 3.22 

Fuel Cons.  

Improvement (%) 
- 4.12 2.04 

3x NEDC 

Energy Used (kJ) 35420.10 34431.42 35216.67 

Overall Eff. (%) 13.92 14.32 14.00 

Fuel Consumption 

(L/100km) 
3.40 3.26 3.30 

Fuel Cons.  

Improvement (%) 
- 4.13 3.00 

 

The results of Table 5.6 indicate that both the non-predictive and predictive controllers are 

achieving their targets of reduced fuel consumption. Over a long distance of driving there is 

a clear savings in the fuel consumption even when the SOC correction is undertaken by the 

ICE. The reason for increased fuel consumption in the single run of each drive cycle (for the 

predictive controller in Table 5.6) is because the controller has realised it can rely more 

heavily on the stored energy given the anticipated grid charging at the end of the planned 

driving route. The performance comparison of the three controllers operating in PHEV is 

determined through recharging the ESS from the grid. 

5.8.5 Operation of Controllers in PHEV 

For consideration as a PHEV the SOC correction is included by charging from the grid as a 

fair comparison of the energy requirement of each of the three controllers. 
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The calculated energy of equation 5.69 which is consumed from the grid in order to charge 

the ESS to the initial SOC after each respective drive cycle, is added to the total energy 

consumed during driving for calculation of the overall efficiency. Results are listed in Table 

5.7 and Table 5.8. Any additional losses incurred from the grid will be the same for each 

controller since charging the ESS is independent of driving the vehicle. Table 5.7 and Table 
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5.8 suggest that the predictive controller is capable of reducing the fuel consumption more 

effectively in city driving scenarios.  

This is due to the city driving scenario requiring lower power on average than the highway 

driving and therefore allowing for the use of ESS energy more frequently. For example the 

average tractive power for the HWFET is 4.3 kW over the full drive period, while the 

average tractive power for the UDDS and NEDC over the full drive period is 0.9 kW and 1.4 

kW respectively. These average tractive power requirements are determined over the full 

drive period whereby the ICE is operating for some fraction of the total time. In addition, the 

average tractive power values identified above increase with losses of the drivetrain and 

powertrain. This means that in the case of the HWFET there is more chance for the average 

ICE requested power to exceed the maximum ICE power (max( aveP , )) of the lowe,  look up 

table of equation 5.60 in Section 5.7.2. In such cases the controller will select the minimum 

value of the lowe,  look-up table ensuring that the ICE is unrestricted and allow for any 

acceleration transients that may occur at higher speeds. This leads to the potential for 

increased fuel consumption during highly transient loading. For the most part the results of 

Table 5.7 and Table 5.8 highlight that the predictive controller is capable of minimising fuel 

consumption over the drive period while maintaining efficient operation without the need for 

calibration.  

Table 5.7 – SOC correction using the grid for the three controllers over a single run of 

each of the drive cycles. 

Drive Cycle 
Component 

Parameter 
Original HEC-V 

HEC 

Predictive 

UDDS 

Energy Used (kJ) 12923.45 12015.37 11770.32 

Overall Eff. (%) 9.72 10.46 10.68 

Fuel Consumption 

(L/100km) 
3.22 2.91 2.68 

Fuel Cons.  

Improvement (%) 
- 9.67 16.73 

HWFET 

Energy Used (kJ) 17197.64 16293.36 16609.26 

Overall Eff. (%) 19.05 20.11 19.72 

Fuel Consumption 

(L/100km) 
3.29 2.95 3.00 

Fuel Cons.  

Improvement (%) 
- 10.52 9.00 

NEDC 

Energy Used (kJ) 11794.02 11009.88 11183.59 

Overall Eff. (%) 13.94 14.93 14.70 

Fuel Consumption 

(L/100km) 
3.39 2.85 2.64 

Fuel Cons.  

Improvement (%) 
- 16.04 22.26 
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Table 5.8 - SOC correction using the grid for the three controllers over three 

continuous runs of the respective drive cycles. 

Drive Cycle 
Component 

Parameter 
Original HEC-V 

HEC 

Predictive 

3x UDDS 

Energy Used (kJ) 38860.71 36223.31 35952.46 

Overall Eff. (%) 9.70 10.41 10.49 

Fuel Consumption 

(L/100km) 
3.33 3.09 2.92 

Fuel Cons.  

Improvement (%) 
- 7.44 12.46 

3x HWFET 

Energy Used (kJ) 51586.25 48905.18 49814.96 

Overall Eff. (%) 19.05 20.10 19.73 

Fuel Consumption 

(L/100km) 
3.29 3.06 3.10 

Fuel Cons.  

Improvement (%) 
- 6.94 5.69 

3x NEDC 

Energy Used (kJ) 35390.51 33250.50 33177.13 

Overall Eff. (%) 13.93 14.83 14.86 

Fuel Consumption 

(L/100km) 
3.40 3.10 3.01 

Fuel Cons.  

Improvement (%) 
- 8.88 11.37 

 

5.8.6 Error Tolerance in Predictive Control 

Estimating the required energy and trip time of a planned route leaves room for uncertainty 

due to a number of reasons [127]. This Section offers a comparison of the predictive 

controller’s ability to maintain minimum fuel consumption relative to errors in estimating the 

required energy and trip time of planned routes. Using GPS [127] and intelligent 

transportation systems [167] the ability of EMS controllers to estimate required energy and 

trip times of daily commutes is improved. There is minimal chance that the daily commute 

will vary significantly with respect to the final time or energy requirement of driving since 

speed limits are set and congestion is expected during peak times. With this in mind the tests 

completed here assume that no more than 20% error in the estimated quantities would occur 

for a planned trip.  

Referring to Table 5.9, the error in predicting required energy ( *

totalE ) and trip time ( *

tript ) are 

applied to each of the drive cycles (UDDS, HWFET and NEDC) separately and the results 

are used to determine the MAPE (%) and variance (σ
2
 in L/100km) in the fuel consumption. 

Table 5.9 identifies that for a 20% error in the estimated trip time of a planned route no more 

than ±0.62% variation will result in the final fuel consumption. For example the final fuel 

consumption of the predictive controller as it has performed on the UDDS (listed in Table 

5.4) may be 2.68 ± 0.62% if the error in ttrip is ±20% respectively.  With the consideration of 
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increased sensitivity for updating the predicted quantities *

totalE  and *

tript  using recorded 

tractive energy, GPS [127] or intelligent transportation system [171] information, the error in 

estimation will reduce thus Table 5.9 highlights a worst case scenario. The robust nature of 

the controller is due to the recalculation of Pav with respect to the approximate *

totalE  and 

remaining trip time ( *

tript ). As the vehicle approaches the destination both values of *

totalE  and 

*

tript  reduce toward zero, providing an acceptable reference (Pav) for the selection of ηe,low 

values on-the-go.  

Table 5.9 – Error in fuel consumption due to uncertainty in predicted quantities. 

Component 

Parameter 

1 x Drive Cycle 3 x Drive Cycles 

MAPE (%) σ
2
 (L/100km) MAPE (%) σ

2
 (L/100km) 

*

totalE  ±10% 0.01 0.0004 0.01 0.0003 

*

totalE  ±20% 0.13 0.0035 0.06 0.0017 

*

tript  ±10% 0.19 0.0055 0.41 0.0120 

*

tript  ±20% 0.62 0.0182 0.36 0.0109 

 

5.9 Summary of Predictive Control in PHEV 

The use of GPS and intelligent transportation systems in EMS aids with the prediction of 

planned driving route information. In particular, the energy requirement of driving and the 

total trip time allow the EMS to predict ICE operation times and loads. Using the expected 

values of average vehicle velocity and absolute average acceleration/deceleration of the 

vehicle, the EMS estimates the tractive energy requirement. This approach demonstrates one 

of the possible methods for predictive control. It is expected that with increased frequency of 

sampling the future tractive energy requirements, that the accuracy of the predicted energy 

requirement will improve. Increased accuracy in predicting the energy requirement of 

driving will lead to greater potential for fuel savings using the defined EMS controller. 

Use of the predicted energy requirement is applied to the EMS controller via the principles 

of ICE on/off and ESS SOC swing control. This is then utilised to select the ηe,low value for 

the high efficiency control of the ICE. The ICE will supply average tractive power in 

addition to charging the ESS during the on phase, while the ESS will supply the load during 

the ICE off phase. This ensures that charging of the ESS is occurring during high efficiency 

of operation of the ICE and potentially reduces the total number of ICE events. For the 

implemented version of this controller on the Toyota Prius 2010 test bench the power rating 

of the M/Gs is not sufficient to sustain all requested drivetrain loads when the ICE is 

switched off. Thus the ICE on/off strategy must be altered in order to meet the power 

demand of the drivetrain and therefore the vehicle velocity trace of the drive cycles. 
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This leads to a charge and discharge phase of the ESS relative to the ICE output power 

requested. Defining an objective function for minimised fuel consumption with respect to the 

high efficiency region the controller aims to increase average powertrain efficiency while 

minimising fuel consumption over the entire drive period. In this case ηe,low for the high 

efficiency control of the ICE is determined from the average tractive power requirement and 

expected operating efficiency of the drivetrain and powertrain components. Using a look-up 

table ηe,low is selected by comparison with the known ICE power (Pe) at which the 

corresponding ICE performance map develops the desired efficiency (ηe(Pe)). Then optimal 

efficiency of operation for the ICE is achieved using VSC in combination with PBS as 

discussed in Section 4.3.3. Monitoring the SOC of the ESS with respect to *

totalE  and *

tript , 

overcharge and over discharge are avoided maximising the use of stored energy and 

minimising fuel consumption. This is essential for optimal performance of PHEV. 

Performance of the predictive controller is examined for two cases; a HEV with SOC 

correction using the ICE and a PHEV with SOC correction using the grid. For the HEV case 

SOC correction reveals that for short trips the predictive controller is consuming more fuel 

than necessary since it is relying more heavily on the ESS. This would be a concern if the 

predictive controller was not capable of maintaining the ESS SOC for longer trips. 

Extending the distance travelled by the Toyota Prius 2010 using the three controllers it is 

revealed that the predictive controller has reduced fuel consumption for operation as a HEV. 

For the HEV case fuel consumption improvement is observed at up to 6% and 4% for the 

non-predictive and predictive controllers respectively. The non-predictive controller 

outperforms the predictive controller for this case since the predictive controller has been 

calibrated for the selected drive profiles. In addition, the ηe,low value selected in the calibrated 

non-predictive controller is supported by the calculated value of ηe,low in the predictive 

controller (i.e. ηe,low = 0.28 in Figure 5.13). As discussed in Section 4.9.6 incorrect 

calibration of the non-predictive controller may lead to unwanted levels of fuel consumption.  

Operation as a PHEV with charging from the grid reveals the predictive controllers ability to 

minimise fuel consumption. The prediction of the tractive energy requirement for driving 

alerts the EMS that it no longer needs to maintain the ESS SOC. The control strategy ensures 

that the loads placed on the ICE are transferred to the ESS with the new target SOC (e.g. 

SOCtarget = 30% instead of 60%). The results demonstrate up to 16% and 22% fuel 

consumption improvement for the non-predictive and predictive controllers respectively, 

during city drive scenarios. The predictive controller achieves efficiencies similar to the 

calibrated non-predictive controller through autonomous selection of ηe,low as determined 

using the predicted energy requirement.  
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Finally, the error tolerance of the predictive controller is quantified through the effect on 

final fuel consumption. This analysis leads to the conclusion that for a large error in the 

predicted trip time (up to 20%) the variation in the fuel consumption will be less than 0.62% 

for short trips and reducing for longer trips (0.41% for 3 x Drive Cycles case). This is 

demonstrated for a worst case scenario, such that the energy requirement and trip time are 

predicted at the beginning of driving. With increased sampling frequency of the required 

tractive power and trip time the variation in the final average fuel consumption is expected to 

reduce. Considering the low MAPE as well as variance the EMS controller is already 

providing a robust reference point for the selection of ηe,low values in light of the potential 

uncertainty in traffic and drive conditions. This analysis demonstrates the robust nature of 

the designed predictive controller.  
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CHAPTER SIX 

Conclusions 

6.1 Outcomes for Research Program 

This thesis focussed on the design and control of both a non-predictive and predictive real-

time optimisation based blended controller for high efficiency control of power-split PHEVs. 

The outcomes for the research program are summarised with respect to the research 

questions outline in Section 1.3.2. The original controller refers to the controller developed 

from the measured data of the three existing vehicles featured in Chapter 3. The non-

predictive controller refers to that resulting from Chapter 4 which requires calibration for 

high efficiency control of the three test benches. Lastly, the predictive controller refers to 

that resulting from Chapter 5 utilising expected tractive energy requirements to 

autonomously calibrate the high efficiency control for operation on the power-split PHEV. 

From the perspective of source-to-tank [7], Section 1.1 identified the World’s available 

energy sources and current usage. This discussion highlighted that an alternative means to 

fossil energy consumption is required especially in the transportation sector. In particular, 

reports suggest that the World is still very reliant on fossil energy resources and will be for a 

significant period of time because of rising energy demands. An alternative offered in many 

research papers is the use of electrical energy in EVs since it is considered emissions free. 

This ideology for EVs is, however, unrealistic. The projection for total renewable energy 

sources used in the electricity sector is expected to rise from 20.6% to 24.6% from 2010 to 

2040 with at least 60% of the total generated electricity coming from fossil fuel. In addition, 

60 to 80% of the World’s renewable energy (in the electricity sector) is sourced from 

hydropower over this period (2010 to 2040), requiring mountainous regions and high annual 

rain falls to sustain the high energy output before transferring this energy to where it is 

needed. In Australia in 2010 renewable energy sources made up 10% of the total generated 

electricity, with more than 90% sourced from fossil resources. Penetration of renewable 

energy generation in Australia’s electricity sector is expected to exceed 20% by 2020, 

however, judging from World growth 10% over 10 years is optimistic. This indicates that the 

EV being emissions free during driving, is not enough to justify it as the best alternative to 

the conventional vehicle since the majority of EV stored energy is sourced from fossil 

resources. 
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Observing the general uses of ESVs with respect to driving requirements reduces the scope 

for the best alternative to the conventional vehicle. There are four main alternative ESVs 

available for replacing the conventional ICE vehicle; EVs, fuel cell vehicles, HEVs and 

PHEVs. Initially it was observed that the use of EVs alone leaves a lot to be desired 

concerning the required performance in passenger vehicles. The EV limits the drive range 

while requiring large charge times to replenished on-board energy storage. The fuel cell 

vehicle while demonstrating the ability to prolong the energy storage suffers from waste 

energy required for hydrogen storage. In addition, the energy to volume density of hydrogen 

storage devices is lacking in comparison to ESS and fossil fuels making them an unattractive 

source of energy in transportation. HEV on the other hand utilise the ICE in combination 

with the ESS for improved average efficiency. By using the ICE to satisfy steady-state 

demands and the ESS to meet transient load requirements, the HEV offers more efficient 

operation than the conventional vehicle and fuel cell vehicle while having a larger drive 

range than the EV. Alternatively the PHEV is much the same as the HEV, except that it has a 

larger ESS. The PHEV is therefore able to operate as an EV for a short drive period before 

operating as a HEV. By this consideration it was noted that PHEV have the potential to 

operate as efficiently as EV without the concern for range anxiety. 

Inspecting the powertrain and drivetrain connections, and modes of operation in HEV and 

PHEV various advantages and disadvantages are revealed in light of the vehicle 

configuration. The three main vehicle configurations include the series, parallel and power-

split connections. The series connection determines ICE operation independent of the driven 

wheels, increasing average ICE efficiency. The concern for the series connection, however, 

is increased losses in the drivetrain resulting from the conversion of energy. The parallel 

connection offers increased efficiency in the drivetrain because of a direct mechanical 

coupling, however, the ICE is restricted by the vehicle speed. This leads to a lower average 

ICE efficiency. Alternatively, the power-split configuration provides independent ICE 

operation with the option for direct mechanical coupling to the wheels. Examining the 

energy outlook and alternative ESVs the power-split PHEV determines a pathway for 

transitioning the World into sustainable transportation.  

Section 2.6 defined the relative means for sizing the components in HEV and PHEV for 

everyday driving using an example experimental setup. Typically component sizing relies on 

the use of standardised drive cycles such that these drive cycles represent the expected 

steady-state and transient operations expected from a vehicle. The power and energy density 

for an approximate mass and shape of the vehicle relative to standardised drive cycles 

determine the power rating of propulsion devices. In particular, it is expected that the ICE 

will provide the average power requirement of driving while the ESS and M/G will provide 
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the transient power requirements. Following the selection of propulsion device power rating 

specifications including torque, speed, input voltage, and input current with respect to the 

driven wheels, drivetrain requirements such as transmission and final drive gear ratios are 

determined. This sizing process is undertaken for a 2 by 2 power-split PHEV with a scale 

version of the NEDC. The 2 by 2 power-split PHEV is chosen since it excludes the 

expensive PGS while maintaining the flexibility in control demonstrated by the power-split 

connection. Following the calculation of component sizes the specifications are verified in 

simulation. This verification ensures that load power, tractive torque and the vehicle speed 

trace of the drive profile for which the vehicle is designed are met, while ensuring that the 

ESS has sufficient energy storage to support ICE operations.  

For the discussion relating control strategies to the power-split PHEV four categories are 

considered. These include hybrid, multimode, rule-based blended and optimisation based 

blended controllers. The examination of recent research found in technical papers realised 

that optimisation-based blended control offers robust, flexible, efficient and accurate means 

for controlling PHEV and HEV. Global optimisation while it provides potential for fuel 

savings requires high computational requirements which limit the applications and 

portability. Real-time optimisation on the other hand has the ability to determine an optimal 

solution to current loading requirements while acknowledging future loads with the 

integration of driver information, traffic conditions and planned driving routes. There is, 

however, the concern of increased computational requirements in real-time control due to the 

inclusion of large amounts of driver and vehicle information. This research aims to maximise 

the benefits to fuel savings whilst minimising the computational requirements. This is 

achieved by considering real-time optimisation relative to input and output energy and 

thereby overall efficiency.  

Research questions 1 to 3 determine the focus for the investigation of the controller in the 

EMS of an ESV; real-time optimisation-based blended control of the power-split PHEV. 

Further definition of the components inherent on such a vehicle configuration distinguishes 

the varying operating principles and characteristics. From the perspective of tank-to-wheels 

as defined in [7], the ICE, M/G, ESS and drivetrain are examined in light of their 

contributions to overall operation. The ICE offers sustained energy density as the primary 

propulsion device during hybrid operations, however, this occurs with inefficient 

consumption of fossil fuels and thereby significant emissions. The M/G and ESS offer 

limited energy density at high efficiency during all drive modes, while ESS life expectancy 

is low (less than 8 years). As a result of the discussion provided in Chapter 2 relative to the 

propulsion devices and potential control, the aim is to maximise efficiency of operation 

along with component life expectancy. Optimising these two main control problems using a 



Chapter Six: Conclusion 

186 

single EMS controller reveals a robust, computationally low and easily implementable 

method for improved performance in new and existing HEVs and PHEVs. 

Following the investigation of the experimental setup, budget constraints meant that 

available software packages had to be used. ADVISOR, a MATLAB/Simulink add-on, 

which takes advantage of the backward-forward facing approach to simulation is utilised for 

the testing of vehicles and control strategies in this thesis. Three test benches are created in 

the ADVISOR software using measured data from three commercially available vehicles. 

The three vehicles are the Toyota Prius 2010, Hyundai Sonata Hybrid 2011 and Honda CR-Z 

2010. The Toyota Prius 2010 is a power-split HEV while the Hyundai and Honda are both 

parallel HEVs. The selection of two parallel vehicles serves to demonstrate the application of 

the high efficiency control to various topologies, hence, identifying with a portable and 

robust controller. Investigating the tractive power requirement, ICE, ESS and M/G 

operations of the three vehicles leads to the confirmation of powertrain and drivetrain 

specifications before detailing the underlying control strategies.  

Limitations of the measured data are acknowledged in order to make reasonable assumptions 

for simulation. It was noted from the comparison of a moving mass and the results obtained 

from the chassis dynamometer (Section 3.4) that the tractive power analysis measured on the 

chassis dynamometer is less than expected. While the measured data has discrepaencies in 

comparison to real world driving scenarios such as a reduced fuel consumption, the data 

provides a starting point for the development and evaluation of the controllers presented in 

this thesis. Through using the measured data it is known that the tractive power requested at 

the wheels of the vehicle will invoke a unique response from the drivetrain regardless of the 

resulting performance. If the simulation results reflect the same response of the existing 

vehicle then the measured data serves as an acceptable bench mark for developing models of 

the vehicles in simulation.  

In addition, mismatch between measured signals is identified reducing the accuracy of 

transient information. As a result of the analysis of the measured data it was observed that 

some signals measured at input demonstrate the expected relationship to signals measured at 

output. This is thought to be due to the time delay between input and output of the dynamics 

of the mechanical system such that power in the fuel that is injected at ICE input will take 

time to reach the driven wheels. For each transient operation it was also noted that this time 

delay varied and thus it is difficult to match up the signals even if a constant time delay were 

introduced. By this consideration if the injected fuel is varied significantly then the measured 

data will show inconsistency between input and output. This meant that the measured data 

can only be used as a guide for the transient operation of the existing vehicles. The measured 

data does, however, contain all transients of the vehicle throughout the drive period and thus 
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the quantities of measured signals at input and received at output represent the performance 

of the vehicles accurately.  

Analysis of the measured data helped to confirm the main control problem for investigation 

in this thesis.  It is however possible to utilise the data to gain an idea of ICE operation. In 

particular the Toyota Prius is demonstrated to operate according to the optimal operating line 

using VSC. Following the operation of the ICE in the Toyota Prius, low average efficiency 

of the ICE is demonstrated using the measured data as a result of the lack of PBS occurring 

in ICE developed power. More than 60% of the ICE operation in the Toyota Prius over the 

UDDS is occurring at efficiencies below 25%. With demonstrated efficiencies of more than 

30% in the Toyota Prius the data suggests that there is potential for fuel savings by 

increasing the average power requested from the ICE. This analysis supports the general 

concern about low ICE efficiency and leads to the motivation for the developed high 

efficiency controller.  

In terms of a bench mark the three vehicles’ original controllers are developed for 

comparison with the two designed controllers featured in this thesis. It is revealed from the 

analysis of the three vehicles that the original controllers perform similar to equivalent 

consumption minimisation strategies. However, due to the unknown objective function of the 

equivalent consumption minimisation strategy and the identified mismatch between input 

and output signals, it was decided to utilise a set of rules for the original controller. Referring 

to the measured data, overall performance of the original controllers is verified in simulation 

to within 3.87% error. Observing the signals of the three original controllers the reasons for 

errors are apparent, however, as a whole system the input and output energy, overall 

efficiency and fuel consumption over two drive cycles demonstrates that the three vehicles 

are accurately represented in simulation. By matching these performance totals of the 

simulated and measured data the three models are shown to be accurate representations of 

the three commercially available vehicles.  

Chapter 4 identified the design of a high efficiency controller for PHEVs in light of the need 

for a real-time optimisation based blended controller. In response to research questions 7 and 

8 investigations began with a focus on maximising efficiency of the ICE relative to two 

existing ICE control methods; VSC and PBS. Local optimisation of the ICE resulted from 

the concern for low average ICE efficiency, however, as discussed in Section 4.5, high 

efficiency control of one propulsion device alone does not constitute high efficiency control 

of the whole system. Therefore, additional control constraints were introduced in order to 

meet the tractive power requirements of driving and to maintain ESS SOC. 
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Maintaining ESS SOC as a secondary objective in the designed controller determines the 

basis for prolonging ESS life expectancy. Research into the life expectancy of ESSs 

(especially batteries) indicates that a small SOC swing is beneficial as outlined in Section 

4.4.1 (first introduced in Section 2.2). Therefore, it is envisaged that operating the ESS to 

within a specific SOC swing will minimise the total number of charge/discharge cycles. For 

requested tractive power that lies outside the high efficiency region defined for the ICE, the 

determining rules delegate whether to relocate operation to the high efficiency region or 

whether to supply using the ESS. This decision is based on the power balancing that occurs 

between the ICE and ESS. Power requested for charging the ESS is generally much smaller 

than the tractive power requirement, thus charging during tractive power supply is more 

beneficial to ESS operation than charging the ESS alone. In addition, by restricting ICE 

operation to the high efficiency region and balancing tractive power using the ESS, the EMS 

controller observes minimal losses when consuming fossil fuel. This is the underlying 

consideration for high efficiency control in PHEV. 

The designed controller is robust, computationally low, and easily implemented on the three 

test benches for improved performance. Performance of the designed high efficiency 

controller is evaluated with respect to fuel consumption, overall efficiency and drivability. 

Effects on noise, vibration and harshness and emissions reductions are expected to be 

minimised or accounted for outside of the optimisation. Noise, vibration and harshness are 

considered a control problem for local optimisation such that global optimisation is applied 

with noise, vibration and harshness constraints. These constraints for example include delay 

times for component torque and speed transition, and inertia of components. Emissions on 

the other hand are expected to be reduced by the high efficiency operation of the ICE since 

prior research has demonstrated increased emissions at low ICE torque and speed conditions. 

Fuel consumption is reduced by up to 12% with maintained ESS SOC. The total number of 

ICE and gear shift events quantifies the effect on the drivability. The analysis shows that the 

three test benches have a similar number of ICE and gear shift events for the original and 

designed controllers suggesting that drivability is unchanged.  

The importance of calibration of the high efficiency controller presented in Chapter 4 is 

realised from the analysis of operation with varying the high efficiency region (i.e. different 

values of ηe,low). Varying the selected value of ηe,low by one or two increments (Δηe,low = 0.01) 

fuel consumption or ESS final SOC vary significantly. This analysis also demonstrated the 

need for varying ηe,low according to the speed of the vehicle such that fewer restrictions 

should be placed on the ICE at higher speeds. Employing two values of ηe,low with a 

threshold of 12 m/s for vehicle velocity, realised improved performance on the HWFET 

drive cycle with minimal adverse effects resulting on the UDDS and NEDC. With improved 
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fuel consumption for a suboptimal selection of ηe,low it was considered that the high 

efficiency region for ICE operation is tuneable with respect to the tractive power 

requirements on-the-go. 

Predictive control endeavours to notify the EMS controller of future driving events and the 

cost they may have to the HEV or PHEV. One of the more common predictions made is the 

energy requirement for driving such that the EMS controller knows in advance when to 

utilise the ESS stored energy and when to conserve it. Information needed for calculating the 

energy requirement of driving includes driver behaviour, traffic conditions and the planned 

driving route. At a more complicated level individual power requirements are determined in 

an attempt to accurately project loading for the EMS controller. High levels of accuracy in 

predicting future energy requirements demands large amounts of information and processing 

power, ultimately leading to a computationally complex and expensive EMS controller. 

Therefore a computationally low predictive controller is proposed for the autonomous 

calibration of the high efficiency controller of Chapter 4.  

Through the use of technology such as GPS or intelligent transportation systems the 

designed predictive controller is capable of forecasting the total tractive energy requirement 

of a planned driving route. The predictive control described in this thesis uses expected 

average vehicle velocity and absolute average acceleration/deceleration. These quantities are 

estimated with respect to expected traffic conditions, driver behaviour, speed limits and 

estimated time of arrival and then used to calculate the total tractive energy requirement of 

the drive cycle. The result is a predictive real-time optimisation-based blended controller 

employing blended charge depletion of the ESS from the initial SOC to a defined minimum 

SOC.  

Using the estimated total tractive energy requirement in comparison to the consumed energy 

during driving the designed predictive controller calculates the average tractive power 

requirement of driving and uses this to determine the high efficiency region of the ICE. A 

look-up table provides a link between the ICE performance map and the requested output 

power for selecting the ηe,low value for the high efficiency region on-the-go. The optimal ηe,low 

value also corresponds to the optimal operating line for maximised efficiency at the 

requested power level using VSC. Using the predicted average tractive power requirement 

with respect to the estimated time of arrival the EMS controller is capable of maintaining 

ESS SOC until the end of a planned driving route. In addition, overcharge and over 

discharge considerations help to maximise the use of stored energy as well as maintaining 

ESS SOC until the end of driving.  



Chapter Six: Conclusion 

190 

Implementing charge depletion/charge sustenance strategies for the original and non-

predictive controllers featured in Chapter 4, provides a fair comparison for the operation of 

the predictive EMS controller. The charge depletion/charge sustenance strategy maintains 

normal operation of the two controllers until the end of the planned driving route relative to 

the charge depletion mode identified in Section 5.7.4. By operating the original and non-

predictive controllers with a charge depletion mode at the end of driving, operation as a 

PHEV is demonstrated. This means that the ESS is more heavily relied upon at the end of 

driving in an attempt to minimise fuel consumption. The results for the three controllers are 

compared relative to operation as a HEV and PHEV respectively. Operation as a HEV is 

realised by SOC correction at the end of driving using the ICE, while operation as a PHEV is 

realised by SOC correction using the grid.  

Comparison of the three controllers realises that an arbitrary charge depletion mode does not 

provide optimal operation and may cause increased energy consumption. Instead the 

calculated blended charge depletion of the predictive controller must be utilised in order to 

yield optimal performance in the power-split PHEV. Firstly, for HEV mode of operation the 

calibrated non-predictive controller (HEC-V) determines greater fuel consumption 

reductions than the predictive controller. The non-predictive controller is capable of up to 

6%, while the predictive controller achieves 4% fuel consumption improvement. This is due 

to the robust nature of the calibrated high efficiency region of the non-predictive controller. 

Having two set high efficiency regions to select from, the non-predictive controller is able to 

maintain high efficiency control regardless of the transients required from the vehicle. The 

calibrated non-predictive controller is, however, limited to this optimal performance on the 

specified drive cycles and there is no guarantee that performance will be the same on other 

drive cycles. On the other hand the predictive controller determines optimal operation on-

the-go. The predictive controller thereby introduces a small time delay which may lead to 

increased fuel consumption. This is demonstrated by the reduced fuel consumption 

improvement when compared to the non-predictive controller. This may be the cost of 

autonomous control over specific drive cycles, however, such predictive control is applicable 

to a number of varying drive scenarios (i.e. without calibration). This comparison 

demonstrates the robust nature of the predictive control such that it does not require large 

amounts of a priori knowledge and that it is capable of minimising fuel consumption to a 

similar extent as an optimally calibrated non-predictive controller.  

Operation as a PHEV reveals the predictive controller’s ability to maximise the use of ESS 

stored energy. Initially it was observed that during the HEV SOC corrections using the ICE, 

the predictive controller utilised more fuel than the original controller for short trips. This is 

due to the predictive controller’s ability to determine when it was safe to rely more heavily 
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on the ESS stored energy. For short trips this means using more ESS energy with the 

expectation of grid charging at the end of driving. In doing so the predictive controller is 

capable of minimising fuel consumption by up to 22% in comparison to the non-predictive 

controller having up to 16% fuel consumption reduction. The autonomous calibration of the 

predictive controller therefore helps to maximise the use of stored energy over a planned 

driving route.  

This thesis has identified two alternative real-time optimisation based blended controllers for 

the high efficiency control of power-split PHEVs. It is envisaged that due to the non-

predictive controllers application to the parallel connected test benches featured in this thesis 

that predictive control can be achieved with similar changes as discussed for the power-split 

connected topology. The defined approach to high efficiency control as well as the add-on 

for predictive control have robust operation, low computational requirements, flexibility in 

control, low calibration and are applicable to a number of existing ESVs. Using measured 

data from existing commercially available vehicles models are developed for three test 

benches in simulation, which also serves to provide a realistic bench mark for comparison. 

Simulations on the featured test benches demonstrate reduced fuel consumption and thereby 

emissions, with minimal expected adverse effects on drivability for both the non-predictive 

and predictive high efficiency controllers. 

6.2 Future Research 

There are a number of areas identified in this research program for further research; three of 

the most prominent areas resulting from the work completed are featured here. Firstly, it was 

noted in Section 5.8 that for different drive cycles the resulting fuel consumption 

improvement is varying significantly between the non-predictive and predictive controllers. 

This highlights that there may be a concern for the accuracy of the predicted information as 

outlined in Table 3.4 of Chapter 3. Therefore, a comparison of the predictive control strategy 

using the described method against the increased number of road segments discussed in 

Section 5.2 is required. The predictive control approach featured in this thesis realised a 

worse-case scenario such that only total energy for the whole drive cycle is determined as 

opposed to splitting the planned driving route into segments. The aim for such research 

would be to improve the fuel consumption reductions using the increased sensitivity of 

future predicted information. Then taking advantage of the self-correction of the proposed 

controller in this thesis, the future work could utilise a specific time window for recalculation 

of Etotal and ttrip for comparison with the consumed energy. The obvious constraint for this 

type of controller is the computational complexity for example how often the controller will 
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need to sample the future energy requirements in order to improve fuel consumption. This 

however, would demonstrate an interesting study for the proposed predictive controller.  

Secondly, an experimental setup to test the proposed control in a real-world test bench 

similar to that discussed in Section 2.6. The experimental setup described in Section 2.6 is a 

2 by 2 power-split PHEV (or dual drive power-split PHEV). This vehicle configuration as 

mentioned excludes the expensive PGS of the Toyota Prius. While simulations of the 

topology have been undertaken there is no guarantee of the real-world operations until 

experimental results have been confirmed. The design for the final experimental setup is 

featured in the appendices and is expected to conform to necessary standards for passenger 

vehicle design. This was one of the reasons that lead to the experimental setup exceeding the 

budget constraints for this research program. 

The above experimental setup also relates to the consideration of a vehicle configuration to 

test the control strategy outlined in Section 5.3. Using the ICE to supply steady-state power 

demand and the ESS transient power demands it is envisaged that ICE on/off times are 

minimised in addition to fuel consumption. This strategy observes calculated ICE on/off 

periods relative to the ESS charge and discharge constraints. During ICE operation high 

efficiency control is achieved in the process of meeting tractive power demands as well as 

ESS charge requirements. Once the ESS is charged to a defined high limit the ICE switches 

off for the electric mode of operation. The key difference between typical charge 

depletion/charge sustenance strategies and the described strategy is that it realises high 

efficiency operation of the ICE in order to maximise the use of stored energy for a planned 

driving route. The main reason for not employing this control strategy in this research 

program is due to the undefined test bench. Research is required into whether or not it is 

possible to design a 2 by 2 power-split PHEV since there are challenges involved with 

maintaining equilibrium between the independently driven front and rear axles of the 

vehicle. While this is easy enough to achieve in simulation there is no guarantee that results 

will be replicable in an experimental environment due to the uncertainty in operation. 
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Appendices 

A.1 Original Controllers for Test Vehicles 

A.1.1 Toyota Prius Operation on HWFET 

Table A.1 – Toyota Prius 2010 specifications as used in the ADVISOR software 

Description Symbol Value Unit 

Mass M 1531 kg 

Rolling Resistance 

Coefficient 
fr 0.0024 - 

Air Density ρ 1.2 kg/m
3
 

Coefficient of 

Aerodynamic Drag 
CD 0.3 - 

Frontal Area of 

Vehicle 
Af 1.745 m

2
 

Gravitational 

Acceleration 
g 9.81 m/s

2
 

Wheel Radius rd 0.287 m 

 

The following demonstrates the signals and specifications utilised for the Toyota Prius 2010 

test vehicle on the HWFET drive cycle. 

 

Figure A.1 - HWFET drive profile used for testing the developed model. 



Appendices 

207 

 

 

Figure A.2 - Initial conditions for hot start. 

 

Figure A.3 - Results of the Toyota Prius 2010 model for the HWFET. Measured data 

indicates that fuel consumption is 3.36 L/100km. 
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Figure A.4 - Energy usage figure identifying the efficiency of components in the 

powertrain and drivetrain for the Toyota Prius 2010. 

 

Figure A.5 - ICE operating points for the HWFET. Operation is according to the VSC 

described in Section 4.3.2. 
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Figure A.6 - ICE efficiency over the HWFET. Average ICE efficiency is 29.24%. 

 

Figure A.7 - ICE speed for the HWFET. 
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Figure A.8 - Fuel rate for the HWFET. 

 

Figure A.9 - Fuel rate for the HWFET for a smaller time segment. 

 

Figure A.10 - Total fuel consumption for the HWFET. 
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Figure A.11 – M/G2 coupled to ring gear. 

 

Figure A.12 – M/G2 efficiency over the HWFET. Motoring average efficiency is 

84.97%. 
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Figure A.13 - ESS power consumption for the HWFET. 

 

Figure A.14 - ESS power consumption for the HWFET for a smaller time segment. 

 

Figure A.15 - ESS SOC for the HWFET. 
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Figure A.16 – M/G1 operating points coupled to the sun gear. Average M/G1 efficiency 

is displayed as generator efficiency in Figure A.4. 

 

Figure A.17 - Tractive power for the HWFET. 
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Figure A.18 - Wheel speed for the HWFET. 

A.1.2 Hyundai Sonata Hybrid Operation on UDDS 

Table A.2 – Hyundai Sonata Hybrid 2011 specifications as used in the ADVISOR 

software. 

Description Symbol Value Unit 

Mass M 1701 kg 

Rolling Resistance 

Coefficient 
fr 0.004 - 

Air Density ρ 1.2 kg/m
3
 

Coefficient of 

Aerodynamic Drag 
CD 0.24 - 

Frontal Area of 

Vehicle 
Af 1.835 m

2
 

Gravitational 

Acceleration 
g 9.81 m/s

2
 

Wheel Radius rd 0.287 m 

 

The following demonstrates the signals and specifications utilised for the Hyundai Sonata 

Hybrid 2011 test vehicle on the UDDS drive cycle. 
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Figure A.19 - UDDS drive profile used for testing the developed model.  

 

Figure A.20 - Initial conditions specified for the simulations to ensure hot start testing. 
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Figure A.21 - Results of the Hyundai Sonata Hybrid 2011 model for the UDDS. 

Measured data indicates that fuel consumption is 4.92 L/100km best achieved is 5 

L/100km. By varying some of the vehicle parameters 4.89 L/100km was achieved. 

 

Figure A.22 - Energy usage figure identifying the efficiency of components in the 

powertrain and drivetrain for the Hyundai Sonata Hybrid 2011 on the UDDS. 
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Figure A.23 - ICE operating points for the UDDS. 

 

Figure A.24 - ICE efficiency over the UDDS, Average ICE efficiency is 26.9%. 
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Figure A.25 - ICE speed over the UDDS. Control strategy for ICE on/off operation is 

unknown, strategy used in simulation is dependent on vehicle speed, acceleration and 

tractive torque relative to the SOC of the ESS. Gear ratios seem to be correct. 

 

Figure A.26 - Total fuel consumption for the UDDS drive profile. While ICE speed 

operation is seen to be varying somewhat fuel consumption is relatively the same over 

the drive cycle. 
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Figure A.27 – M/G operating points for the parallel topology adjacent to the ICE and 

before the transmission on the UDDS drive cycle. 

 

Figure A.28 – M/G efficiency over the UDDS. Motoring average efficiency is 82.4%. 
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Figure A.29 - ESS power consumption over the UDDS. 

 

Figure A.30 - ESS power consumption over the UDDS for a smaller segment of time.  

 

Figure A.31 – ESS SOC over the UDDS. Charge/discharge is similar; variations could 

not be mitigated without more information regarding the vehicle’s control strategy. 
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Figure A.32 - Drivetrain efficiency for the Hyundai Sonata Hybrid 2011 on the UDDS. 

Average drivetrain efficiency is 94.7%. 

 

Figure A.33 - Tractive power requirement over the UDDS. 
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Figure A.34 - Wheel speed over the UDDS. Vehicle chassis dynamometer speed is used 

to calculate wheel speed using a wheel radius of 0.287 m. 

A.1.3 Hyundai Sonata Hybrid Operating on HWFET 

The following demonstrates the signals and specifications utilised for the Hyundai Sonata 

Hybrid 2011 test vehicle on the HWFET drive cycle. 

 

Figure A.35 - HWFET drive profile used for testing the developed model. 
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Figure A.36 - Results of the Hyundai Sonata Hybrid 2011 model for the HWFET. 

Measured data indicates that fuel consumption is 4.048 L/100km. 

 

Figure A.37 - Energy usage figure identifying the efficiency of components. 
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Figure A.38 - ICE operating points for the HWFET. 

 

Figure A.39 - ICE efficiency over the HWFET, Average ICE efficiency is 27.7%. 
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Figure A.40 - ICE speed over the HWFET. It is uncertain as to the exact ICE on/off 

strategy utilised. The frequency of ICE on/off suggests that the ICE has a minimum on 

time and remains on while charging the ESS to a set limit. 

 

Figure A.41 - Total fuel consumption over the HWFET. Periods of fuel consumption 

vary for the simulated model however total fuel consumption is similar. 
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Figure A.42 – M/G operating points for the parallel topology adjacent to the ICE and 

before the transmission on the HWFET. 

 

Figure A.43 – M/G efficiency over the UDDS. Motoring average efficiency is 85.1%. 
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Figure A.44 - ESS power consumption over the HWFET. 

 

Figure A.45 - ESS power consumption over the HWFET for a smaller segment of time. 

 

Figure A.46 - ESS SOC over the HWFET. The control strategy utilised in the 

simulation is different to the actual vehicle however the final SOC is the same. 
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Figure A.47 - Drivetrain efficiency for the Hyundai Sonata Hybrid 2011 on the 

HWFET. Average drivetrain efficiency is 92.4%. 

 

Figure A.48 - Tractive power consumption over the HWFET. 
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Figure A.49 - Wheel speed over the HWFET. Vehicle chassis dynamometer speed has 

been used to calculate wheel speed with a wheel radius of 0.287 m. 

A.1.4 Honda CR-Z Operating on UDDS 

Table A.3 – Honda CR-Z 2010 specifications as used in the ADVISOR software. 

Description Symbol Value Unit 

Mass M 1211 kg 

Rolling Resistance 

Coefficient 
fr 0.00648 - 

Air Density ρ 1.2 kg/m
3
 

Coefficient of 

Aerodynamic Drag 
CD 0.25 - 

Frontal Area of 

Vehicle 
Af 2.427 m

2
 

Gravitational 

Acceleration 
g 9.81 m/s

2
 

Wheel Radius rd 0.275 m 

 

The following demonstrates the signals and specifications utilised for the Honda CR-Z 2010 

test vehicle on the UDDS drive cycle. 
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Figure A.50 - UDDS drive profile used for testing the developed model. 

 

Figure A. 51 - Initial conditions specified for the simulations to ensure hot start testing. 
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Figure A.52 - Results of the Honda CR-Z model for the UDDS. Measured data 

indicates that fuel consumption is 6.04 L/100km. 

 

Figure A.53 - Energy usage figure identifying the efficiency of components in the 

powertrain and drivetrain for the Honda CR-Z. 
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Figure A.54 - ICE operating points for the UDDS. 

 

Figure A.55 - Operating points for ICE highlighting the gear speed limits for the 

original controller. 
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Figure A.56 - ICE efficiency over the UDDS. Average ICE efficiency is 16.5%. 

 

Figure A.57 - ICE speed for the UDDS drive profile. Variations in ICE speed are due to 

the gear ratios selected for the transmission as well as the wheel radius. 
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Figure A.58 - Total fuel consumption over the UDDS. Simulated ICE is operating very 

closely to the measured data. 

 

Figure A.59 – M/G operating points for the IMA coupled between the ICE and 

transmission. 
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Figure A.60 – M/G efficiency over the UDDS. Motoring average efficiency is 85.9%. 

 

Figure A.61 - ESS power consumption during the UDDS. Requirement is reflected in 

the size of the traction motor at 10 kW. 
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Figure A.62 - ESS power consumption for a smaller segment of time. 

 

Figure A.63 - ESS SOC for the UDDS. Due to the simple topology it was quite easy to 

identify a similar charging/discharging profile. 
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Figure A.64 - Drivetrain efficiency for the Honda CR-Z on the UDDS. Average 

drivetrain efficiency is 93.4%. 

 

Figure A.65 - Tractive power required to propel the vehicle over the UDDS. 
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Figure A.66 - Wheel speed achieved by the vehicle with a wheel radius of 0.275 m. 

Wheel speed is calculated from chassis dynamometer speed using the same wheel 

radius as seen in simulation. 

A.1.5 Honda CR-Z Operating on HWFET 

 

Figure A.67 - HWFET drive profile used for testing the developed model. 
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Figure A.68 - Results of the Honda CR-Z model for the HWFET. Measured data 

indicates that fuel consumption is 4.48 L/100km. 

 

Figure A.69 - Energy usage figure identifying the efficiency of components in the 

powertrain and drivetrain for the Honda CR-Z. 
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Figure A.70 - ICE operating points for the HWFET. 

 

Figure A.71 - Operating points for ICE highlighting the gear speed limits for the 

original controller.  

Speed (rpm) 
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Figure A.72 - ICE efficiency over the HWFET. Average ICE efficiency is 24.6%. 

 

Figure A.73 – ICE speed for the HWFET drive profile. Variations in ICE speed are due 

to the gear ratios selected for the transmission as well as the wheel radius. 



Appendices 

242 

 

Figure A.74 - Total fuel consumption over the UDDS. Simulated ICE is operating very 

closely to the measured data. 

 

Figure A.75 – M/G operating points for the IMA coupled between the ICE and 

transmission. 
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Figure A.76 – M/G efficiency over the UDDS. Motoring average efficiency is 87.7%. 

 

Figure A.77 - ESS power consumption during the HWFET. Requirement is reflected in 

the size of the traction motor at 10 kW. 
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Figure A.78 - ESS power consumption for a smaller segment of time. 

 

Figure A.79 - ESS SOC for the HWFET. Difference is due to efficiency maps of M/G 

and ESS. 
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Figure A.80 - Drivetrain efficiency for the Honda CR-Z on the HWFET. Average 

drivetrain efficiency is 92.4%. 

 

Figure A.81 - Tractive power required to propel the vehicle over the HWFET. 
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Figure A.82 - Wheel speed achieved by the vehicle with a wheel radius of 0.275 m. 

Wheel speed is calculated from chassis dynamometer speed using the same wheel 

radius as seen in simulation. 
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A.2 Experimental Setup 

Table A.4 - Item list for the experimental setup of the power-split plug-in hybrid electric test vehicle.  

Item Specifications Quantity Cost Link 

Battery 

Bank 

Winston (Thunder Sky) –  

160 Ah, 3.2 V, 5.6 kg 
8 

~$1728 (from 

Web Page) 

http://www.alibaba.com/product-

free/121313505/Winston_Thunder_Sky_160_Ah_LiFePO4.html 

 

Torque 

Sensor 

(rear axle) 

Rotary Torque Transducer –  

 

0-200 Nm, up to 6000 RPM – 

(^Depends on location in drivetrain)  

 

Signal requirements 4-20mA or 1-

5V.  

1 
~$800-$1,600 

(from Web Pages) 

Korean Supplier 

http://www.aliexpress.com/item/rotary-torque-transducer-TCR-1-

20kgf-cm/556458181.html 

Chinese (Mainland) 

http://www.alibaba.com/product-

gs/563823723/Rotary_Torque_Transducer.html 

http://www.alibaba.com/product-

gs/578447038/rotary_torque_transducer.html 

ICE and 

ACVT 

ICE and Automatic Continuous 

Variable Transmission (ACVT) -  

(At least 6kW) 150cc ACVT Engine 

(Does not have to be 150cc as long 

as ICE power rating is at least 6 

kW, with ACVT) 

1 

~$690 (from Web 

Page) Australia 

 

Chinese ? $0-

$100, min order 

100 

Australian Supplier 

http://www.xtrememotorbikes.com.au/d1646-41/150cc-auto-quad-

engine-new/ 

Chinese (Mainland) 

http://www.alibaba.com/product-gs/200468595/engine.html 

Please get items listed below if they are less than the indicated price and have the rated specs. 

http://www.alibaba.com/product-free/121313505/Winston_Thunder_Sky_160_Ah_LiFePO4.html
http://www.alibaba.com/product-free/121313505/Winston_Thunder_Sky_160_Ah_LiFePO4.html
http://www.aliexpress.com/item/rotary-torque-transducer-TCR-1-20kgf-cm/556458181.html
http://www.aliexpress.com/item/rotary-torque-transducer-TCR-1-20kgf-cm/556458181.html
http://www.alibaba.com/product-gs/563823723/Rotary_Torque_Transducer.html
http://www.alibaba.com/product-gs/563823723/Rotary_Torque_Transducer.html
http://www.xtrememotorbikes.com.au/d1646-41/150cc-auto-quad-engine-new/
http://www.xtrememotorbikes.com.au/d1646-41/150cc-auto-quad-engine-new/
http://www.alibaba.com/product-gs/200468595/engine.html
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Bi-

directional 

DC-DC 

Converter 

(EM) 

Brushless DC motor Controller – 

48V, 360A 
2 <$535.00 

http://www.alibaba.com/product-

gs/521059958/5kw_brushless_dc_motor_controller_72V.html  

Bi-

directional 

DC-DC 

Converter 

(GEN) 

Brushless DC motor Controller – 

48V, 600A 
1 <$535.00 

http://www.alibaba.com/product-

gs/521177742/High_Power_BLDC_Controller_for_10KW.html  

Electric 

Motor 

Brushless DC motor –  

3kW, 48 V  

(As long as controller voltage 

matches motor voltage.) 

2 <$470.00 http://www.alibaba.com/product-gs/482291968/BLDC_motor.html 

Generator 

Brushless DC motor –  

6kW, 48 V  

(As long as controller voltage 

matches motor voltage.) 

1 <$470.00 http://www.alibaba.com/product-gs/482291968/BLDC_motor.html 

DC 

Contactor 

Double Contactor/Reversing 

Contactor - 48V, 300A 
3 <$165.00 

http://www.alibaba.com/product-

gs/424718204/DC_Contactor_for_electric_forklift.html 

 

http://www.alibaba.com/product-gs/521059958/5kw_brushless_dc_motor_controller_72V.html
http://www.alibaba.com/product-gs/521059958/5kw_brushless_dc_motor_controller_72V.html
http://www.alibaba.com/product-gs/521177742/High_Power_BLDC_Controller_for_10KW.html
http://www.alibaba.com/product-gs/521177742/High_Power_BLDC_Controller_for_10KW.html
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Figure A.83 - Block diagram of the power-train for a power-split plug-in hybrid electric test vehicle 
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A.3 Drive Cycles utilised in Predictive Analysis 

A.3.1 UDDS 

 

Figure A.84 - Urban dynamo driving schedule. 

A.3.2 HWFET 

 

Figure A. 85 - Highway fuel economy test. 

A.3.3 US06 

 

Figure A.86 - US Environmental Protection Agency's supplemental FTP. 
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A.3.4 NEDC 

 

Figure A.87 – New European drive cycle. 

A.3.5 LA92 

 

Figure A.88 - Unified driving schedule – emissions test. 

A.3.6 NurembergR36 

 

Figure A.89 - Drive cycle for bus route 36 in Nuremberg, Germany. 
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A.3.7 HL07 

 

Figure A.90 - An aggressive driving schedule determined in combination with the 

federal test procedure. 

A.3.8 WVUCITY 

 

Figure A.91 - West Virginia city driving schedule. 
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A.4 SOC Swing Controller 

This controller is defined in Sections 5.2 to 5.6 of this thesis. Operation of this controller is 

demonstrated on the Toyota Prius 2010 model over the UDDS of Figure A.84. The following 

simulation results demonstrate the limitations of the designed EMS controller on the Toyota 

Prius 2010 vehicle configuration. Firstly, Figure A.92 demonstrates the clear ICE on/off 

periods with respect to the SOC of the ESS. Note that as the vehicle approaches the 

destination the energy sent to recharge the ESS is reduced, due to the monitoring of *

totalE  

and *

tript . Following SOC of the ESS, the ICE efficiency of operation is demonstrated for the 

defined ton in Figure A.93. During ICE shutdown, operating efficiency is recorded at zero 

since no output power is developed by the ICE. 

 

Figure A.92 – Operation of the Toyota Prius 2010 model for the SOC swing defined in 

Sections 5.2 to 5.6 of this thesis. 
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Figure A.93 – Toyota Prius 2010 ICE operating efficiency over the UDDS for the 

periods of ton. 

Observing the vehicle speed trace from simulation it is noted that during periods of ICE 

shutdown, the ESS and M/G combination cannot satisfy the drivetrain demand. Figure A.95 

identifies that the vehicle speed trace is missed by up to 20km/h during one of the periods of 

ICE shutdown (at the 200 second mark). For this reason the SOC swing controller is not 

suitable for implementation using the Toyota Prius 2010 test bench and an alternative 

controller must be sourced. This is the reason for designing the proposed predictive 

controller of Chapter 5.  

 

Figure A.94 - Vehicle speed trace comparison of requested and achieved vehicle speeds. 
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Figure A.95 - Vehicle speed trace miss for Toyota Prius 2010 operating with the SOC 

swing controller. 

 


