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Abstract

Although the internal combustion engine(ICE) vehicle is the most
popular vehicle type in the world it has serious problems relating to its
exhaust emissions and the limitation of petroleum resource. To try to
solve these problems many kinds of vehicle have been developed which
use alternative energies; electricity, compressed natural gas and solar
energy etc. The hybrid vehicle, which combines the advantages of the
ICE vehicle and the electric vehicle, is one of the most promising
alternative vehicle structures.

This thesis describes the modelling and simulation of a Series and a
Parallel Hybrid Vehicle using SIMULINK, the graphical user interface
for MATLAB. The ICE vehicle and electric vehicle are also modelled
and simulated to prove the accuracy of the simulation and to provide a
base to compare the results of the hybrid vehicle simulation. This thesis
also describes how to optimize the electric motor and IC engine size
used in the series and parallel hybrid vehicle and how to minimize the

fuel usage and the emissions of the IC engine.
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1.Introduction

Since the motor car was first invented the number of cars in every day
use has increased at a surprisingly high rate. For example in South
Korea, the author’s home country, the number of cars has increased
from 2 million in 1988 to 9 million in 1996.[191 The car has now become
a very important part of human life for business, leisure and even
sports activity. It is now difficult to imagine life without a car.
Nevertheless ’;he conventional internal combustion engine (ICE) vehicle
has some problems which are difficult to solve. Firstly there is the
problem of emissions. In large cities the emissions which are exhausted
from cars are one of the biggest causes of air pollution. As a
consequence many countries have introduced severe regulations about
emissions. For example since 1998 every car company selling their cars
in California has to sell 2% of Zero Emission Vehicles (ZEV).'11 The
main emissions of the conventional vehicle are Carbon Monoxide(CO),
Nitrogen Oxide(NOx) and Hydrocarbon(HC).

The other serious problem with regards the conventional ICE vehicle is
the limitation of petroleum resource. Everyday an unimaginable
amount of petrol is used by cars throughout the world. For example in
1984 in the UK the daily usage of petrol and diesel for road transport
was 6.8 million kg.[12] Unfortunately for South Korea this high use of
petroleum fuel is a very serious problem as the country has no natural
oil resource. To try and solve these problems many car companies and
research institutions throughout the world are actively researching new

types of vehicles that use alternative energies such as electricity,




Compressed Natural Gas(CNG), solar energy etc.[13]-[17]

The electric vehicle is one of the favoured solutions because it does not
use petroleum fuel and does not have any exhaust emissions. However
it has some technical problems that have yet to be overcome. For
example the short vehicle range and the long battery charge time are
big problems for the electric vehicle. One other solution is the hybrid
vehicle which combines the advantages of the ICE vehicle and the
electric vehicle

In the School of Engineering at Durham University hybrid vehicles have
been researched actively since 1980’s. In particular the structure and
performance of hybrid vehicles have been studied through computer
simulation and experimental test work.(11-[9]

This thesis is about the modelling and simulation of Series and Parallel
Hybrid Vehicles. The aim of the thesis is to investigate some of the
control options of the series and the parallel hybrid vehicle through the
use of computer simulation written using MATLAB/SIMULINK. In
particular the simulation studies will be used to investigate the fuel
consumption and energy use of the different hybrid structures. The
programs developed are named collectively as JANUSLEE. Firstly in
Chapter 2 the simple layout and characteristics of each type of vehicle
such as the IC engine vehicle, electric vehicle, series hybrid vehicle and
parallel hybrid vehicle are discussed. Chapter 3 then describes the
computer simulation program JANUSLEE which is used for this study.
In chapter 4,5,6 and 7 the models for the computer simulation, the
techniques for the modelling and simulation and the results of the
simulation are discussed. In particular chapter 6 describes how to
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decide on the size of motor and engine to use in a series hybrid vehicle
and how to run the engine in such a vehicle. Chapter 7 describes how
to select the engine and motor size for a parallel hybrid vehicle and
how to optimise the engin-e operating condition. In Chapter 8 the
simulation results of the series and parallel hybrid vehicle are
compared and the best applications for each type of vehicle considered.
Finally in Chapter 9 the conclusion from the work and the areas of

further work is discussed.




2.Types of Vehicle

2.1 Internal Combustion Engine Vehicle

The majority of road vehicles used throughout the world are powered
by internal combustion(IC) engines. There are two types of IC engine;
the spark ignition and the compression ignition engine. The differences
between the two engine types is the means of ignition and mixture
preparation.

In spark ignition engines air and fuel are mixed before induction and
this mixture leads to pre-mixed combustion in which a flame front
propagates across the combustion chamber. In contrast in the
compression ignition engine the fuel is injected into the combustion
chamber immediately prior to combustion. Time is required for the fuel
to ignite and then burn in a mode known as diffusion combustion.(12]
The mechanical structure of the two types of engine is very similar
with both having an operating characteristic where they produce power
over a speed range of 1000 - 6000 rpm. Typically the compression
ignition engine produces maximum torque at lower speed than the
spark ignition engine and also has a lower maximum operating speed.
The drive train of the IC engine vehicle is shown figure2.1. The Engine,
provides the driving power, whilst the Clutch is used to engage or
separate the power from the engine to the drive train and to facilitate
starting from rest. The Gearbox is used to control the vehicle speed by
selecting the gear ratio whilst the Final Drive is used to connect the

gear box to the wheels by a constant gear ratio.







2. simple mechanical layout

3. easy maintenance and repair
Disadvantages

1. poor efficiency

2. emissions

3. limited to the use of hydrocarbon fuels

2.2 Electric Vehicle

The electric vehicle is the ideal type of vehicle because it does not use
petroleum fuel and does not have any exhaust emissions. Another
excellent advantage of the electric vehicle is its simple structure. An
Electric motor does not have an idle speed as does the IC engine, and
can produce high torque in the low speed area 0 to 1000 rpm(revolution
per minute). Consequently the electric motor can be connected directly
to the final drive of the electric vehicle. This means there is no need for
a clutch or gearbox which are used in the IC engine vehicle. Therefore
the electric vehicle can be built using a very simple layout as shown in
figure2.2. There are two direction arrows in figure 2.2 These mean the
electric power of the electric vehicle can flow in two directions. The
arrow from left to right means that the electric vehicle is driven by
constant speed or acceleration. The opposite direction arrow means that
the electric vehicle is braking or decelerating. During braking the
electric motor charges the battery because it acts like a generator. This
is the one of the advantages of the electric vehicle. However the electric
vehicle has one big problem and that concerns the battery. Even the

latest battery technologies, such as lead-acid or zinc-air battery[19], do







3. no need for petrol and therefore no exhaust emissions

Disadvantages
1. limitation of battery technology
B heavy weight
B low range

B long charging time

ICE Vehicle Electric Vehicle
Vehicle Weight 1000 - 1400 kg 1500 - 1800 kg
Typical Efficiency 25-40% 85-90%
Range 600 - 900 km 100 - 150 km
Refueling very fast very slow
Cost cheap (well known technology) expensive (new technology)
Advantages good performance Zero emissions, high efficiency
easy maintenance
Disadvantages emissions, pefroleum resource  |inadequate battery technology,
limitation heawy vehicle weight

Table 2. 1 Comparison of the IC Engine and Electric Vehicle

2.3 Hybrid Vehicle

According to the Technical Committee (Electric Road Vehicles) of the
International Electrotechnical Commission, the definition of a hybrid
vehicle, is as follows; “A hybrid road vehicle is one in which
propulsion energy, during specified operational missions, is available
from two or more kinds or types of energy stores, sources, or
converters. At least one store or converter must be on-board. A hybrid
electric vehicle(HEV) is a hybrid vehicle in which at least one of the

energy stores, sources, or converters can deliver electric energy. A




series hybrid is a HEV in which only one energy converter can provide
propulsion power. A parallel hybrid is a HEV in which more than one
energy converter can provide propulsion power.”[20]

As defined above a hybrid vehicle can be classified as either a series or
a parallel type. Of course both of these structures have specific
advantages and disadvantages. The general structures and
characteristics of the series and parallel hybrid vehicle will be

explained in 2.3.1 and 2.3.2.

2.3.1 Series Hybrid vehicle

The series hybrid vehicle has the least complicated configuration of all
the hybrid types. As shown in figure 2.3 the series hybrid vehicle has
five main components which are the electric motor, the engine, the
Generator, the battery and the power train. The engine and the
generator is called the Auxiliary Power Unit (APU). The traction force
is supplied by the electric motor with the electric motor getting its
power from the battery and/or the APU. This means the series hybrid
vehicle is driven by the electric motor only. Therefore the series hybrid
vehicle needs a large size electric motor such as in the electric vehicle.
The engine used in the APU is typically an IC engine although gas
turbines have also been used.[?4] The electric power produced by the
APU is supplied to the battery or used to drive the electric motor.
When the electric power from the APU is bigger than the power
required for traction this excess power is used for charging the battery.
In contrast when the APU power is smaller than the power required for

traction the additional power is supplied by the battery. Table 2.1







Disadvantages

1. needs a larger sized motor than the parallel hybrid

2. difficult to use for general purpose

2.3.2 Parallel Hybrid vehicle

As shown in figure 2.4 the parallel hybrid vehicle has an IC engine and
an electric motor with the two power sources connected mechanically in
parallel. This means the parallel hybrid vehicle can be driven by either
one or both of the power sources at the same time. Therefore the
parallel hybrid vehicle can have a smaller sized electric motor than the
series hybrid vehicle. The parallel hybrid vehicle can be operated in
many different modes which can be divided as follows

1. Electric Mode: The vehicle is driven by the electric motor only.
This mode is used mainly at low vehicle speed
because the electric motor can produce high torque
at low speed.

2. IC Engine Mode: The vehicle is driven by the IC engine only.
This mode is used mainly at high vehicle speed
because the IC engine can produce high power at
high speed. Of course regenerative braking energy
is used for charging the battery as in the electric
mode.

3.Hybrid Mode: The IC engine and the electric motor are used
simultaneously when the vehicle needs large
power.

The aim of the parallel hybrid vehicle is the minimization of both the

11







2.4 Conclusion

The four kinds of vehicle described in this chapter have unique
characteristics. Although the ICE vehicle is currently the most popular
type of vehicle throughout the world it has big problems such as
exhaust emissions and the limitation of petroleum resource.

The electric vehicle has many advantages; no emissions, no need for a
petroleum resource, simple structure and regenerative braking energy.
However the electric vehicle has fatal problems in the limitations of the
battery which restrict the vehicle to short range use, require a long
charging time and produce a heavy weight vehicle.

There are two basic types of hybrid vehicle; the series and the parallel
hybrid. Both types of vehicle have similar components but the
connection of those components is totally different. Consequently the
two types of vehicle have contrasting characteristics. The control logic
of the series hybrid vehicle is easier than that for the parallel hybrid
vehicle. On the other hand the parallel hybrid vehicle can have a
smaller sized electric motor than the series hybrid vehicle. In chapter 6
and 7 the series and the parallel hybrid vehicle are examined in order

to try and maximise their advantages and minimise their disadvantages.
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3.Simulation Software

3.1 Advantages of Computer Simulation

One of the most important aspects of this thesis is the study of the four
kinds of vehicle through the use of computer simulation. To obtain
good comparative results many tests or simulations are necessary and
but for computer simulation this project would not be possible. Without
the use of computer simulation at least four prototype cars would have
to be made which would require a large amount of man-power and
large research costs. By the use of computer simulation the project has
been completed by one person in one year. This is the biggest
advantage of computer simulation and the main reason why computer
simulation is being used throughout the world by almost all car
manufactures for studying the potential of new vehicle structures. Car
companies use computer simulation in many areas for saving time,
money and man-power for example design, crash test, air-bag test and
driving test etc. On the other hand there will be some error in the
computer simulation due to the models adopted and the values of the
parameters used. However if necessary the magnitude of this error can

be predicted and the tolerance on the results calculated by the

computer program.

3.2 Structure and Components of SIMULINK

The simulation software used in this thesis is SIMULINK the graphical
user interface (GUI) for MATLAB.[21) SIMULINK is a graphical program

so it is very easy to understand and operate. SIMULINK consists of
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libraries which have many blocks each of which simulate different
elements such as a relay, switch, workspace, function and clock etc. The
initial SIMULINK screen is shown figure 3.1. From this screen the user
can select a library which contains the simulation block required. For
example to use the switch block this is contained in the Nonlinear or
Extras library. Extras can be specially made from the blocks which are
used most often. Any user can make not only the Extras library but
also modify the rest of the libraries for their own use. Figure3.2 shows
the screen of the Nonlinear library. The user can copy the Switch block
to any model or file. Of course the user can change the values or
conditions of the block. When very complicated functions or equations
are required the Fcn, Matlab-Function or S-Function will be very helpful.
In this way a model is made. Figure3.3 shows a example model for a

battery which is made by combining many blocks from each libraries in

the SIMULINK.

NS TN O T N e TS 2 SO i

Sources Sinks Discrete Linear Nonlinear  Connections Extras

SIMULINK Block Library {(version 1.2¢)

Figure3. 1 The Initial Screen of SIMULINK
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Figure3. 2 The Screen of the Nonlinear Library
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Figure3. 3 The Example Model of the SIMULINK

3.3 Structure and Components of JANUSLEE

JANUSLEE is one of the user library files made from SIMULINK for

the simulations of the four kinds of vehicle mentioned in chapter 2.
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Figure 3.4 shows the initial screen of JANUSLEE. Each model contains
many components for the four kinds of vehicle. In this screen the user
can select any model which is needed by a double click. For example if
the user is looking for the engine used in a series hybrid vehicle the
engine models in the engine library can be shown by double click. The
engine library shown in figure 3.5 then appears. Of course each engine
model shown in figure 3.5 is made up from the basic modelling
components described in section 3.2. Figure 3.6 shows the structure of

the engine for the series hybrid vehicle in the engine library.

e i i

Engine Clutch Gearbox Final Drive Wheels Vehicle

NS T S I = N I N

Driver  Throttie/brake Motor Battery-FDM Controller Transfer

Figure3. 4 The Initial Screen of JANUSLEE

7 >

A

Engine Engine Engine
ICV SHY PHV

Figure3. 5 The Screen of the Engine Library
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Figure3. 6 The Structure of the Series Hybrid Vehicle Engine

3.4 Conclusion

Computer Simulation has become very important not only for car
manufactures but also for many other industrial areas because it has
many advantages; saving time, saving research costs and needs
minimum man-power etc. This thesis uses SIMULINK, the graphical
user interface (GUI) for MATLAB, to develop the vehicle component
library JANUSLEE. The component models in JANUSLEE can be
combined to make a vehicle model. Therefore according to the

specification the four types of vehicle described in Chapter 2 can be

simulated very easily by JANUSLEE.
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4 Performance of the ICE vehicle

4.1 Driving cycles

Computer simulation of vehicles uses standard driving cycles to
produce the simulation results. The driving cycles are used by car
manufactures or government for many purposes such as the driving
test, fuel economy test and the comparison of vehicles. Driving cycles
are composed of a velocity/time profile and the velocity of the test
vehicle, or the simulation model, must follow this velocity profile.
Depending on the road conditions of each country there are a number
of different driving cycles. In this thesis the popular driving cycles
such as ECE-15, J227a-D and the Extra_Urban driving cycle are used.[1]
The Extra_Urban cycle has a high average speed of 62.75km/h. On the
other hand the ECE-15 cycle which is for an urban area test cycle has
only an average speed of 19.21km/h. Figure 4.1 shows the shape of
the Extra_Urban cycle. The characteristic of the Extra-Urban cycle is
that the gear is set by the time-velocity profile as shown in table 4.1.
The data files of the Extra_Urban, the ECE-15 and the J227a-D driving

cycles are included in Appendix 1.

120

100

80

60
40

Speed(km/h)

20

0 50 100 150 200 250 300 350 400
Time(sec)

Figure 4. 1 Extra_Urban Cycle
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No Operation Speed(Km/h) Operation Time | Cumulative Time | Gear Ratio

1 ldling 20 20 *

2 Acceleration 0-15 5 25 1

3 Gear Change 2 27 -

4 Acceleration 15-35 9 36 2

5 Gear Change 2 38 -

6 Acceleration 35-50 8 46 3

7 Gear Change 2 48 -

8 Acceleration 50-70 13 61 4

9 Steady Speed 70 50 111 5
10 Deceleration 70-50 8 119 5(4s)+4(4s)
1" Steady Speed 50 69 188 4
12 Acceleration 50-70 13 201 4
13 Steady Speed 70 50 251 5
14 Acceleration 70-100 35 286 5
15 Steady Speed 100 30 316 5(**)
16 Acceleration 100-120 20 336 5(**)
17 Steady Speed 120 10 346 5(**)
18 Deceleration 120-80 16 362 5(*)
19 Deceleration 80-50 8 370 5(**)
20 Deceleration 50-0 10 380 *
21 ldling 20 400 PM(*)

*) PM = gearbox in neutral, clutch engaged first of fifth gear engaged, clutch disengaged
**) Additional gears can be used according to manufacturer recommenations if the vehicle

is equipped with a transmission with more than five gears

Table 4.1 Extra_Urban Cycle Profile

4.2 Configuration of the ICE vehicle

The ICE vehicle simulated in this chapter is the Accent 1.3 built by the
Hyundai Motor Company (HMC). Figure 4.2 shows the ICE vehicle
model made by JANUSLEE. This model works by connecting each
component in a similar way as in an actual vehicle. The final output of
this model is the vehicle speed. The speed results are returned to the
MATLAB workspace by the “spd” block and shown graphically by the

“vehicle speed” graph block. The vehicle speed is compared with the
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required speed(obtained from the driving cycle) in the “driver” block
and then the input throttle position of the engine is decided in the

throttle controller block. According to the input throttle position and -
engine speed the “engine” block calculates the engine torque. The
engine torque is then passed through each block such as clutch,
gearbox, final drive, wheels until in the vehicle block it is used to
calculate vehicle speed as described in section 4.2.8. The components
used in this vehicle model can be used for other kinds of vehicle with
little or no change. For example, the final drive block can also be used
in the electric vehicle without change, only the final drive ratio which
is the inherent value of each vehicle should be changed. However to

use the engine block in the series hybrid vehicle it needs some

modification.
Engine speed Engine torque
—» ‘
RIS T (]
distance
™ - L
™ VelDist Distance
Engine Clutch Gearbox Final drive Wheels Vehicle
Lyl
(mss) to (kmih) speed
| ‘_
Vehicle
. Speed
Throttle/brake Driver
O—laf—
Clock Drive Cycle
Drive
Cycle

Figure 4. 2 IC Engine Vehicle Model
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4.2.1 The Driver

Figure 4.3 shows the “driver” model. There are two inputs, the
required speed and the actual speed. The “driver” compares the two
input speeds and decides on the throttle position by a controller which
has a constant gain. The throttle output is limited to between 11 by
the saturation block before being supplied to the Throttle Controller

model.

throttle Saturation  Controller

Figure 4. 3 Driver Model

4.2.2 The Throttle Controller
As shown in Figure 4.4 the input throttle is divided by two saturation
blocks. The positive throttle position is sent to the engine model and

the negative throttle position is sent to the vehicle model for friction

braking.

e {1

brake position Saturation throttle input
2 []4
<
throttie position Saturation1

Figure 4. 4 Throttle Controller Model

4.2.3 The Engine

The Engine model is the most important component of the ICE vehicle.
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It has a very complicated structure and is shown in Figure 4.5. The
engine needs many data tables such as Brake Specific Fuel
Consumption (BSFC), Carbon Monoxide (CO), Nitrogen Oxide (NOx),
Hydrocarbon (HC) table and torque curve. The full data files for these
tables and the torque curve of the Accent 1.3 are included in Appendix
2. The input signals of the engine model are the actual speed of the
vehicle, from the vehicle model, and the feedback speed from the
clutch model. The actual speed is used to decide if the state of the
engine is idle or not. If the state of the engine is idle the amount of
idle fuel consumption and emissions are added to the sum5 to sum8
blocks. The engine torque is calculated depending on the throttle
position and the engine speed. First of all the engine speed is
converted from an angular velocity (rad/s) to revolutions per minute
(rpm). Then the maximum torque value is calculated from the rpm and
the maximum torque curve. The engine output torque is calculated
from this maximum torque value and the throttle position. This engine
output torque is sent to the Clutch model whilst the engine output
torque and the engine speed are sent to the maps of BSFC, CO, NOX
and HC. Consequently the amount of the fuel consumption and
emissions are calculated. The gain to gain3 blocks convert the unit of
BSFC, CO, NOx and HC from g/kWh to g/kWs. In addition the
integrator — integrator3 blocks cumulate the amount of each output in

order to calculate the amount of fuel used during the whole driving

cycle.
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Figure 4. 5 Engine Model

424 The Clutch

The clutch is located between the engine and the gearbox. It transfers
the torque from the engine to the gearbox without change. However
the speed from the gearbox is limited to between the idle rpm and
maximum rpm by the saturation block before sent to the engine block.
The limitation values are the idle speed and the maximum speed of

the engine. Figure 4.6 shows the clutch model.

[]
Torque in Torque out
[2] »1
wsin Saturation s out
(from g/box) (to engine)

Figure 4. 6 Clutch Model
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4.2.5 The Gearbox

The gearbox model is shown in Figure 4.7. There are three inputs, the
torque from clutch model, the actual velocity of vehicle from the
vehicle model and the speed from the final drive model. The two
outputs are the torque, sent to the final drive model, and the speed,
sent to the clutch model. The gear ratios to use are set by the car
manufacture and which of these gears is to use decided by comparing
the actual velocity of the vehicle with the velocity range of each gear.
The output torque is obtained by multiplying the selected gear ratio
by the engine input torque. The output torque is multiplied by the
gearbox efficiency before being sent to the final drive. This gearbox
efficiency is a constant value. As speed is calculated backwards from
the road speed the speed output from the gearbox model is the engine
speed. This is calculated by multiplying the input speed, from the

final drive, by the selected gear ratio.

ratio1/2

Vel 2-3

+ e34

#s_in Product #s_out

Product2 1/Efficiency

Figure 4. 7 Gearbox Model
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4.2.6 The Final Drive

The final drive changes the rotational speed by the fixed gear ratio
between the wheels and the gearbox model. The input torque is
multiplied by the fixed constant gear ratio and by the final drive
efficiency. The final drive efficiency is inverted by the switch block
when the input torque is negative. In the electric vehicle model this
negative torque is used for regenerative braking. Figure 4.8 shows the

final drive block.

K-
Ratio™eff '
[]
Tin Switeh T out
>
Ratio/eff
rad/s out Ratio 1ad’s in

Figure 4. 8 Final Drive Model

4.2.7 The Wheels

The wheels block is shown in Figure 4.9 and serves two functions.
Firstly it changes the linear velocity of the vehicle to the rotational
speed of the wheels and secondly it connects the final drive torque to
a traction force. The gain responsible for these two conversions is

obtained by equation 4.1.

Equation 4.1 V=or o=V/r
sgain=1/r
Where V: vehicle velocity, m/s

o: angular velocity, rad/s

r: wheel radius, m

26




[ ——>

Axle torque 1/0heel_radius1 Traction force

(2| —>f>

velocity 1Mvheel_radius2 axle radés

Figure 4. 9 Wheels Model

4.2.8 The Vehicle

The vehicle block is based on the standard equation of motion as

described in equation 4.2. The required output of the vehicle model is
the velocity of the vehicle therefore the vehicle model is realized as a
visual block diagram as shown in Figure 4.10 This equation contains
the constant parameter values relevant to the vehicle and the two
input values traction force, from the wheels model, and the braking
force from the throttle controller. The braking forcel is limited to
between -1 and 0 by the driver and the throttle controller model as
mentioned in section 4.2.1 and 4.2.2 and multiplied by the gainl which
is the maximum braking force. Typically the maximum braking force

of 2000N is used.

Equation 4.2 F = M:a
Fi-Fq-F.-Fg + Fp, = M.dv/dt
Where + = Traction Force
Fa = 0.5:p-Cq-A- V2(Drag Force)
F. = C;-M-g (Rolling Resistance Force)

F; = M.g-sin® (Gravity Force)
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Fp = Braking Force
p: density of air, kg/m3  Cg: coefficient of drag
A: frontal area, m? V: vehicle velocity, m/s
C:: coefficient of rolling resistance
M: mass of vehicle, kg
g: acceleration due to gravity, 9.81m/s2

0: angle of gradient

Drag effect1 weltvel2
Traction foree1 b
Mass (inverseX!  Integrator2 velocityt

Constantd

braking force1 gain1

Figure 4. 10 Vehicle Model

4.2.9 Data Files

The ICE vehicle simulation requires a large quantity of data such as
the driving cycle files, a specification file of the vehicle and BSFC and
Emissions data files for the engine. All the data mentioned above are
given in Appendix 1 and 2 for the Hyundai Accent 1.3. Of course if

this data is available any car can be simulated by the ICE vehicle

model described in this chapter.

4.3 Simulation of the ICE Vehicle

This section discusses the analysis and the results of the ICE vehicle
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simulation. There are two purposes for the ICE vehicle simulation.
Firstly is the demonstration of the accuracy and the efficiency of the
computer simulation. In the case of the ICE vehicle the simulation
results can be compared with real test data obtained by a manufacture
or government test figures.

Secondly the simulation results for the electric or hybrid vehicle must
be compared with those of the ICE vehicle. Unfortunately it is only
possible to compare the fuel economy of the ECE-15 and the
Extra_Urban cycle because other data such as the fuel economy of
J227a_D cycle and the emissions data for all cycles were not available
from the Hyundai Motor Company. In SIMULINK the user can get the
simulation result by means of a numerical value or in the form of a
graph. In this thesis the graphical results are mainly used in order to
compare performance easily. Table 4.2 shows the Accent 1.3 test data,

of course full profile data is listed in Appendix 2.

Vehicle Test V\eight (kg) 1100
Drag Coefficient 0.317
Roliing Resistance Coefficient 0.018
Frontal Area (m*) 1.91
Wheel Radius (m) 0.289
Engine Max. Speed (rev/min) 5500
Transmission Ratio 1st 3.462
2nd 2.053
3rd 1.370
4th 1.031
Sth 0.838
Final Drive Ratio 3.842

Table 4. 2 Accent 1.3 Vehicle Data
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4.3.1 Analysis of the ICE Vehicle Simulation

The Hyundai Accent 1.3 was the base vehicle simulated with full
parameter details being given in Appendix 2. Figure 4.11 shows the
difference between the required vehicle velocity, illustrated by the
dotted line, and the actual velocity illustrated by the solid line. As
shown in Figure 4.11 there is little difference between the two lines.
Consequently the simulation has operated successfully. Figure 4.12
shows the change of the rpm of the engine during the cycle. The
sudden drops in rpm is due to the change of the gear ratio. The drop
points are exactly matched to the velocity ranges of the gearbox model
which were mentioned in section 4.2.5. This demonstrates the correct
functioning of the gearbox. The change of the engine torque is shown
Figure 4.13. The dotted line which describes the cycle speed is used
for comparison purpose. When there is a change in the gear ratio the
engine torque changes in the shape of steps as the torque is effectively
constant for constant acceleration. Figure 4.14 shows the fuel
consumption of the cycle. It shows the difference in the fuel
consumption when the vehicle is accelerating and when operating at
constant speed very clearly. When the vehicle is idling or braking the
idle fuel consumption is used as shown in Figure 4.14. Figure 4.15, 16,
17 show the emissions exhausted from the engine during the
Extra_Urban driving cycle. The shapes of three emissions are very
similar to the shape of the fuel consumption. However in the case of

the NOx emission there is nearly zero emission in the idling or low

constant speed region.
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Figure 4. 14 Fuel Rate Result
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4.3.2 Simulation Results

Table 4.2 shows the simulation results for the Accent 1.3. The results
for the Extra_Urban cycle show the simulation results to compare with
Hyundai test data to within 5% and therefore give confidence to the
accuracy of the simulation method for use in later chapters. The error
over the ECE-15 cycle is bigger than the error for the Extra_Urban
cycle because the real test data of the ECE-15 cycle from HMC is
obtained from a cold start. The simulation results always assume a
warm engine. If the starting temperatures are different the difference
can be eliminated by Equation 4.3[1). It is not possible to compare the
emissions data with official data because no emissions data for Accent
1.3 is available. However the emissions data are shown in Table 4.3 for

comparison with the series or parallel hybrid vehicle in later Chapters.

ECE-15 J227a D Extra_Urban
HMC Dataknv ¢ ) 10.88 - 15.80
Simulation Dataknv £ ) 12.26 15.86 16.49
Error(%) +12.68 - +4.37
Table 4. 3 Accent 1.3 Simulation Results
ECE-15 J227a_D Extra_Urban
CO(g’km) 5.36 3.68 3.39
Nox (g/km) 1.46 213 242
HC(g/km) 1.25 0.81 0.72
Table 4. 4 Accent 1.3 Emissions Results
Equation 4.3 Jr=fo—T/20(f20 - fo)

fo = 0.88el.42/(1.42+d)

f20=0.48e13.7/(13.7+d)

d is the cumulative distance traveled in kilometers and

T is the ambient temperature °C
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4.4 Conclusion

In this chapter a model of ICE vehicle is assembled and simulated by
JANUSLEE. Some component models, which are used for the ICE
vehicle simulation, such as gearbox, final drive and wheels etc. are
also used for other types of vehicle. According to the graphs
illustrated in section 4.3.1 it is confirmed that the ICE vehicle model
acts correctly. The fuel economy and the emissions data are also
obtained by the simulation. The accuracy and reliability are proved by
the comparison between the accent 1.3 simulation results and the real
test data from Hyundai Motor Company. In addition these simulation
results will be also used to compare with the series and the parallel

hybrid vehicle simulation results.
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5. Performance of the Electric Vehicle

5.1 Configuration of the Electric Vehicle

The electric vehicle mentioned section 2.2 will be simulated and
discussed in this chapter. The simulation model of the electric vehicle
is shown in Figure 5.1 and is much simpler than that of the ICE
vehicle as there is no clutch or gearbox. In order to build the electric
vehicle model many component models used in the ICE vehicle, such
as the final drive and the vehicle block, can be used with a little or no
| change. Therefore in this section only the models which are made

specifically for the electric vehicle are discussed.

(A Y i
B - ™
Motor Final drive Wheels Vehicle Distance
Distance
E sac (m/s) to Gem/sh)
i
_’E > Velo c»ty
Drive E
Motor Controller Battery-FOM Cycle —— I

Velocity

e,
——fle—O
Drive Cycle Clodk

Throttie/brake Driver

Figure 5. 1 Electric Vehicle Model

5.1.1 Data Files
The electric vehicle modelled in this chapter is the ETV-1 built for the

US Department of Energy by the general Electric Company (USA) and
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the Chrysler Corporation.[22]

In a similar way to the ICE vehicle model the electric vehicle model
also requires a number of data files to be specified to allow the
simulation to begin. The vehicle data file ‘etvl.m’ has many
parameters and data such as vehicle weight, wheel radius and rolling
resistance coefficient etc. The battery data file ‘ev2_13.m’ and the
motor data file ‘etv_motl.m’ which has the motor efficiency map also
belong to ‘etvl.m’. These three data files are listed in Appendix 3.

Table 5.1 shows the ETV-1 test data used to simulate in this chapter.

Vehicle Test Weight (kg) 1795

Drag Coefficient 0.32
Rolling Resistance Coefficient 0.01
Frontal Area (m*) 1.875
Wheel Radius (m) 0.28

Motor Max. Speed (revmin) 5000

Motor Max Power (kW) 30

Final Drive Ratio 568
Battery Weight (kg) 495
Battery Type EV2-13 (lead-acid)

Table 5.1 ETV-1 Vehicle Data

5.1.2 The Throttle Controller

The throttle controller model is slightly different from the one used in
the ICE vehicle as shown in Figure 5.2. The throttle input is limited to
between -1.5 and 1 by the driver model. The “saturationl” block
limits the input throttle between -1 and 1 and provides to the “motor”
model illustrated in Figure 5.1 for vehicle running and regenerative

braking. The value between -1.5 and -1 is limited by the “saturation”
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block and added to a constant value. This added value is provided to

the “vehicle” model illustrated in Figure 5.1 for the friction braking.

Constant

i A tae— 1]

brake position Sum Saturation thiottle input
2 FliA
T
throttle position Saturation?

Figure 5. 2 Throttle Controller

5.1.3 The Motor

The motor in the electric vehicle acts in the same way as the engine in
the ICE vehicle. The motor block diagram is shown in Figure 5.3 and
produces two important outputs; the motor torque output for driving
the vehicle and the power input required from the battery model. The
motor torque is calculated from the throttle position and the motor
speed by a similar technique as that used in the ICE engine model.
The throttle position is multiplied by the torque from the maximum
torque curve to obtain the motor torque. The output motor torque is
also used to calculate the power supplied to the motor. In this case
output torque is multiplied by the rotational speed of the motor and
then the result is multiplied by the motor efficiency. The switch block
is used to di_stinguish the plus or minus sign of the motor torque.
When the motor torque is positive power is supplied from the battery
whilst when it is negative power is returned to the battery. This

negative flow of power occurs during regenerative braking and is used

to charge the battery.
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Figure 5. 3 Motor Model

5.1.4 The Motor Controller

The motor controller has its own efficiency. Because in this part of the
model power flow is “backwards” when the motor input power is
positive power supph'edi by the battery to the motor the efficiency is
inverted and then multiplied by the motor power. In contrast negative
motor power is multiplied by the efficiency. Both of above results are
supplied to the battery for updating the state of charge of the battery.
Figure 5.4 shows a motor controller block. It should be noted that this
controller efficiency could be combined, and included in, the motor
efficiency. For some motors, such as the induction motor drive, this is
the most convenient approach as the motor and controller from a

complete unit. In the case of a d.c. motor such as that modelled here a

separate efficiency is used.

[]

Motor Term. power

powerfeff Battery power

Figure 5. 4 Motor Contreller Model

37




5.1.5 The Battery

The ETV-1 electric vehicle uses EV2-13 lead-acid batteries which are
modelled by the fractional discharged model (FDM). This battery
model is based on energy and power density relationships and is
shown in Figure 5.5. When the battery is discharging the equations 5.1

to 5.3 are used and when charging a constant charge efficiency is

used.[1]

Equation 5.1 Pg; = exp[A(lhtp)2+Bln(tP)+C]

Equation 5.2 1, = exp{1/2[-B/A+[(B/ A)2-4(C-InP4;)/ A]1/2]}

Equation 5.3 SOC(State of Charge) = J(1/1,36)dt, SOC in %
In the above equations A,B and C are constants depending on the
battery type for example the values of the EV2-13 are as follow.

A: -0.03516 B: -0.69045 C:3.31975

D — » Function .
power 1/battery mass Power limits discharge time invert dis. time
‘ x
E Product
tt: h
Battery charge State of Charge
N P
= battery_energy_discharge
Switch Integratort n_ gy_ g
o
Constant
- oz
— battery_energy_charge
Switeh2 Integrator2 y_ ay_ g

Figure 5. 5 Battery Model
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5.2 Simulation of the Electric Vehicle

5.2.1 Analysis of the Electric Vehicle Simulation

As shown in Figure 5.6 when simulated over the Extra_Urban cycle the
ETV-1 can not meet the high speed acceleration requirement occuring
at about 350s into the cycle because it has only a 30kW electric motor.
At this point the power required by the vehicle can be calculated by
the equation 4.2 as about 39kW. Consequently the ETV-1 can not be
driven in the Extra_Urban cycle. Therefore in this chapter the
performance of the vehicle over the ECE-15 and the ]J227a-d cycle is

simulated with graphical results for the ECE-15 cycle simulation being

discussed.
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Figure 5.7 illustrates the difference between the required speed and
simulation speed of the wvehicle. The simulation speed is almost
identical to the required speed therefore the simulation is successful.
Figure 5.9 shows the motor torque during the ECE-15 cycle. There are
no step changes in this graph because the electric vehicle does not
have a variable ratio gearbox. The positive torque means that the
vehicle is accelerating or being driven at constant speed. Negative
torque means the vehicle is braking. Similarly the motor speed does
not have the saw-toothed shapes shown in figure 5.8 because there is
no variable ratio gearbox in the electric vehicle. Figure 5.10 shows the
change of the state of charge(SOC) of the Battery. This graph shows
the charging and the discharging situation very well. In particular
when the vehicle is braking the SOC goes up showing that the
regenerative braking energy acts properly. In contrast to the ICE
vehicle when the electric vehicle is stationary no “fuel” is being used
and the battery SOC remains constant. In the case of this simulation
after one ECE-15 cycle the SOC changes from 100% to 99.0827%. This

means 0.9173% of the SOC is used for one ECE-15 cycle. Therefore if

40




this vehicle is driven continuously over an ECE-15 cycle (urban
conditions) it can be driven for only 107.73km as calculated using
. equation 5.4. Consequently the electric vehicle has a range limitation
though it does not produce any exhaust emissions or need petroleum
resource. The simulation results are shown in Table 5.2. As shown in
this table the range limitation of the J227a_D cycle is much shorter

than that of the ECE-15 cycle.

Equation 5.4 100(%)/(100 - 99.0827)(%) = 109.02(cycles)
109.2 * 0.9882(km) = 107.73(km)

where 0.9882km is a distance after one ECE-15 cycle

SOC(%/cycle) Distance(km/cycle) Range(km)
ECE-15 0.9173 0.9882 107.7
J227a_D 2.0428 1.5506 75.9

Table 5. 2 ETV-1 Simulation Results

5.2.2 Regenerative Braking Energy

One of the big differences between the ICE vehicle and the electric
vehicle is the recovery of energy through regenerative braking as
demonstrated by Figure 5.10. In this section the amount of the
regenerative braking energy and the energy flow in the electric vehicle
will be described by reference to Figure 5.11. This diagram shows the
flow of energy for the ETV-1 over the J227a_D cycle. It also shows
how all the energy is used by the simulation. In addition this figure
contains the real test results(2l. In the figure bracketed data are the

real test results and non-bracketed data are the simulation results. As
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5.2.3 Relationship between the Weight of Battery and Vehicle
Range
The range of the ECE-15 cycle calculated in section 5.2.1 is 107.73km.
This means ETV-1 can be driven 107.73km from 100% the SOC to 0%
without charging. It is natural to assume that if an electric vehicle
needs more range it must have a larger battery. However as the
battery becomes heavier the weight of the vehicle also becomes heavier.
In this case the way the battery energy is used has to be considered.
Table 5.3 shows the data for the ETV-1 when the weight of the battery
is changed from 200kg~800kg whilst Figure 5.12 plots specific range
(defined as range per kilogram of battery) against specific weight
(defined as the ratio of battery weight to total vehicle weight). As
shown in the Figure 5.12 the “best” percentage of battery weight is
25~28%. At battery fraction above this most of extra energy is used in
simply propelling the additional battery weight whereas at lower
battery fractions the battery is not being used efficiently due to large

specific battery powers (kW/kg). This curve is typical for a lead-acid

battery.
Batt Weight (kg) 200 300 400 500 600 700 800
Batt Wi/Veh.WK(%) 13.3 18.8 235 278 316 35 38.1
SOC(%l/cycie) 27738 | 16273 | 1.1481 09076 | 0.7604 | 06765 | 06179
Distance(m) 989.37 | 98897 | 98857 988.2 987.81 | 987.42 | 987.02
Range(km) 35.7 60.8 86.1 108.9 1209 146 158.7
Range/BattWt(km/kg) | 0.1785 | 02025 | 02153 | 02178 | 0.2165 | 0.2085 | 0.1997

Table 5.3 Battery Weight and Vehicle Range
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Figure 5.12 Range/Battery Weight

5.3 Conclusion

The electric vehicle has a very simple construction because it does not
need a clutch or gearbox as described in section 5.1. Many of the
modelling components which are used in the ICE vehicle such as the
driver, the final drive and the vehicle blocks are used again for
modelling the electric vehicle. The motor, motor controller and battery
block are new components required for the electric vehicle model. The
range of the electric vehicle is limited by the capacity of the battery,
but it has no exhaust emissions and requires no petrol. Although the
electric vehicle has no exhaust emissions, emissions will be produced
by the power stations required to supply the electricity. The electric
vehicle is very useful for commuting, shopping, and for delivery
vehicles operating in an urban area. In particular it is most useful for
the car which travels short distance each day, typically less than

50~70km, mainly through slow-moving traffic with a 20~30km/h

average speed.
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6. Performance of the Series Hybrid Vehicle

6.1 Operating Modes of the Auxiliary Power Unit

A significant advantage of the series hybrid electric vehicle is the
ability to operate the engine completely independently of road
conditions. The engine can be operated in a region of high efficiency
and low emissions. Therefore the technique of how, and when, to run
the IC engine is very important. There are basically two possible
modes:
e Constant operation The engine produces the average electrical
power demand and operates all times.
¢ Intermittent operation : The engine is operated according to the
battery SOC or the road power requirements
which are monitored continuously. Hence, the
engine is operated for part of the time. This
means the vehicle can be driven as an electric
vehicle when the engine is not needed.
In this chapter the intermittent operation operated by the battery SOC
will be used. The engine is used only when the battery SOC lies
between a specified minimum SOC and maximum SOC. For example in
this chapter the minimum and maximum SOC are set at 40 and 60%
respectively. Therefore the engine is switched on when the battery
SOC becomes 40% and runs at a specified rpm and power output until
the battery SOC becomes 60%. To achieve constant power output the
engine can be operated by different control strategies; namely constant

throttle operation or constant speed operation. The behavior and




characteristics of the electrical system must be analyzed in detail for
the implementation of above two control methods and these two

control methods were researched in detail in past work.[41(6]1[23]

6.2 Configuration of the Series Hybrid Vehicle

Figure 6.1 is a block diagram of the series hybrid vehicle model. As
explained in section 1.3.1 only the electric motor drives the vehicle
and consequently the series hybrid vehicle needs a large size motor for
the Extra_Urban cycle which requires high speed and large power.
This model of a series hybrid uses an induction motor which is more
powerful than the d.c. motor used in the ETV-1. In addition the motor
controller efficiency is included in the induction motor efficiency map
therefore this model does not need the motor controller block as the
electric vehicle. The auxiliary power unit(APU), which is composed of
the IC engine, the generator and the APU controller, supplies electric
energy to the battery or the motor. The structure of the series hybrid
vehicle is very s.imilar to the electric vehicle except for the APU and
this will be discussed in following sections. The vehicle data file,

shv.m, is listed in Appendix 4.

6.2.1 The APU Model

6.2.1.1 The Engine

The IC engine model for the series hybrid vehicle is simpler than that
required for the ICE wvehicle as it does not need to model idle
conditions. The engine model shown in Figure 6.2 is similar to that

described previously in section 4.2.3 but the blocks related to idle

revolution have been removed.
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6.2.1.2 The Generator
The generator model converts the mechanical energy from the engine

into the electrical energy to the battery and is modelled by a constant

efficiency as illustrated in Figure 6.3.

in_1 Efficiency out_1

Figure 6. 3 Generator Model

6.2.1.3 The APU Controller

The APU controller model is for intermittent operation of the APU. In
particular this controller switches the IC engine on & off depending on
the battery SOC. Figure 6.4 shows the block diagram of the APU
controller. The two relay blocks monitor the battery SOC and supply
the fixed engine speed and throttle opening when the battery SOC
reaches the minimum allowed SOC. The APU stays in operation until
the SOC reaches the maximum allowed value when it is switched off.
When the APU is switched on the engine operates at constant power
as determined by a fixed engine speed and throttle opening selected
for good fuel consumption and low emissions. The decision about the
engine size, the engine speed and the throttle opening will be

discussed in sections 6.3 and 6.4.

]

speed out Relay1 SOC in
SEy
throttie Relay2

Figure 6. 4 APU Controller Model
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6.2.2 The Motor

The structure of the motor model is exactly same as the one for the
ETV1 as shown in Figure 5.2. However the motor used in this series
hybrid vehicle is an induction motor which has a maximum speed of
8000rpm and a maximum power of 37.3kW and not the DC motor used
in the ETV1. With this induction motor the vehicle can drive the
Extra_Urban cycle due to the motor increased power and speed range.
The induction motor file “im8000.m" is fully listed in Appendix 4 and
contains details of the motor efficiency map. In addition the motor
efficiency map includes the motor controller efficiency therefore the
vehicle model shown in Figure 6.1 does not need the motor controller

present in the electric vehicle model.

6.3 Consideration of Motor and Engine Size

It is very difficult to decide on the optimum size of the motor and the
engine for use in a series hybrid vehicle because there are many
factors which need to be considered in the design process.

Before the motor and the engine size can be determined the power
required over the operating schedule must be known. Typically this
operating schedule will be a set of defined driving cycles such as
those described in section 4.1. These driving cycles are again shown in
Figure 6.5 with particular points in these cycles numbered. At each of
these points the velocity and acceleration can be tabulated as shown in
Table 6.1. With this data, and knowing the vehicle weight, drag
coefficient etc. then the required traction force can be calculated using

equation 4.2. This force is readily converted into a motor torque and
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power for a particular gear ratio. A constant efficiency of 96% is
assumed for the drive train. These calculations are carried out by the
MATLAB program included in Appendix 5. For example for a 1800kg
vehicle with the data tabulated in Table 6.2 the power, torque and
results in Table 6.1 are obtained. According to the table the maximum
power required is 39.19kW at point 14 in the Extra_Urban cycle. This
means if the motor size is bigger than 39.19kW this vehicle can be
driven over all three cycles. As a vehicle also needs to be driven over
cycles with some gradient steady speed conditions with a 2% and 5%
gradient are also calculated. The ‘Power Density’ is the power per unit
weight of battery and the maximum power density of the EV2-13
battery which is used in this series hybrid vehicle is only 80watt/kg.
Therefore if this vehicle needs to satisfy all conditions of table 6.1 the

size of the battery needs to be increased.
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Figure 6. 5 Required Power points on Three Cycles
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Velocity | Acc. | Gradi- | Torque | Speed | Power ! Cycyle P/Density Number
(kmh) | (nf) | -ent(%) | (Nm) (rpm) (kW) (Watt/BattKg) | on Graph
1 1491 1.04 0 109.17 | 802 9.17 | ECE-15 2866 ®
2] 3184 | 074 0 8172 | 1,713 | 1466 | ECE-15 45.82 ®
3| 4973 | 053 0 6419 | 2676 | 1799 | ECE-15 5621 ®
4 724 072 0 86.34 | 3,896 | 3522 |J227a_ D 110.08 @
5 70 047 0 62.39 | 3,767 | 2461 | Extra_ U 76.90 ®
6 100 0.24 0 4746 | 5381 | 26.74 | Exra U 8357 ®@
7 120 028 0 5795 | 6457 | 3919 | Bxtra_U 12245
8 14.91 0.00 0 9.76 802 082 | ECE-15 256 ®
9 | 3184 | 0.00 0 1096 | 1,713 | 197 | ECE-15 6.15 ®
10| 4973 | 0.00 0 1317 | 2676 | 369 | ECE-15 11.53 ®
11 724 0.00 0 1738 | 3,896 | 7.09 |J227a_D 22.16
12 50 0.00 0 1321 | 2691 | 372 | Exra_U 1163 ®
13 70 0.00 0 1686 | 3,767 | 665 | BExtra_U 20.78
14 100 0.00 0 2460 | 5381 | 1386 | Extra_U 43.32 ®
15 120 0.00 0 3128 | 6457 | 21.15 | Bxtra_U 66.10 ®
16| 1491 0.00 2 4263 802 3.58 11.19 -
171 3184 | 000 2 4383 | 1,713 | 786 24 57 -
18| 49.73 | 0.00 2 46.04 | 2676 | 1290 40.32 -
19 724 0.00 2 5025 | 3,896 | 20.50 | Gradient 64.06 -
20 50 0.00 2 46.09 | 2691 | 1299 2% 40.58 -
21 70 0.00 2 4973 | 3,767 | 1962 61.30 -
22 100 0.00 2 5747 | 5381 | 3238 10120 -
23 120 0.00 2 6415 | 6457 | 43.38 13555 -
24| 1491 0.00 5 91.85 802 7.72 2412 -
25| 3184 | 0.00 5 93.05 | 1,713 | 16.70 5217 -
26| 4973 | 000 5 9526 | 2676 | 2669 83.42 -
27| 724 0.00 5 9947 | 3,896 | 40.58 | Gradient 126.81 -
28 50 0.00 5 9531 | 2691 | 2685 5% 83.92 -
29 70 0.00 5 98.95 | 3,767 | 39.03 12197 -
30 100 0.00 5 14225 | 4,036 | 60.12 187.87 -
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On the other hand if a vehicle is to be used for a particular purpose,
such as short distance and low average speed urban operation the
motor size can be reduced. For example if the series hybrid vehicle
will be used for commuting, shopping or delivery etc. it is enough
that the series hybrid vehicle can be driven over the ECE-15 and
J227a_D cycle. Therefore this vehicle needs a motor which has a
maximum power of 20kW as shown in Table 6.2 because the vehicle
weight can be reduced. Of course this value is obtained by the
program used in Table 6.1. The engine size depends on the motor size
because if the battery SOC is below the minimum SOC set previously
and, if the engine size is smaller than the motor size required for that
particular operating condition, the vehicle would lose battery SOC.
Consequently the engine size must be a similar size, 20kW, to the
motor. In this case the 20kW is not the engine maximum power but a
engine operating power set by the constant engine speed and throttle
opening. Therefore, as can be seen in table 6.2, if an engine power of

20kW is needed the engine maximum power must be about 25kW.

6.4 Consideration of Engine Operating Point

Within the APU the engine operating point must be decided carefully
in order to maximize fuel economy and minimize emissions. There are
two stages in optimizing the power train for the series hybrid vehicle.
The first stage is to decide what size engine must be used for the
series hybrid to meet a particular purpose using the method discussed
in section 6.3 and through simulation. The next stage is to decide on

the optimal engine operating point. Figure 6.6 shows a 3-diminsional
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and 6.13. When the vehicle is braking the SOC goes up due to the
transfer of regenerative braking energy. Figure 6.12 illustrates the
engine running speed of 2500rpm and the engine stops when the SOC
has increased to 60%; the SOC is described by the dotted line. In
addition Figure 6.13 shows the constant engine throttle of 83%. The

throttle position goes down to 0% when the SOC increases to 60%.

Specification Vehicle Data 1 Vehicle Data 2
Vehicle Test Weight (kg) 1800 1350
Drag Coefficient 0.32 0.32
Rolling Resistance Coefficient 0.01 0.01
Frontal Area (m") 1.875 1.875
Wheel Radius (m) ’ 0.28 0.28
Final Drive Ratio 5.68 568
Motor Max Speed (revimin) 8000 8000
Motor Max Power (kW) 40 20
Engine Max Power (kW) 45 25
Engin-On SOC (%) 40 40
Engin-Off SOC (%) 60 60
Engine Running rpm (revmin) 2500 2500
Constant Throttle Opening (%) 83 83
Engine Operating Power (kW) 374 208
Battery Weight (kg) 320 120
Battery Type EV2-13 (lead-acid) EV2-13 (lead-acid)

Table 6. 2 Series Hybrid Vehicle Data
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Figure 6.11 Battery SOC Result
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Figure 6. 12 Engine Speed Result Figure 6.13 Engine Throttle Result

6.5.2 Simulation Results

It is quite difficult to evaluate the simulation results of the series
hybrid vehicle because the results depend on the initial battery SOC.
For example if the series hybrid vehicle was driven 30km over the
ECE-15 cycle with an initial battery SOC of 100% the engine fuel
consumption and emissions are zero because until the battery has
reduced to 40% SOC the series hybrid vehicle can be driven as an
electric vehicle. In contrast if the vehicle started from 40% battery SOC
and travelled the same distance over the same cycle the APU would be
switched on thereby using fuel and producing emissions. Consequently

the fuel economy and the emissions are changeable and depend on the
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starting conditions of battery SOC. Therefore in this section two
conditions are used to compare the series hybrid vehicle with the ICE
vehicle. In the first condition fuel economy is calculated assuming the
vehicle starts with battery SOC of 40%. The APU is turned on and the
battery is charged until the battery SOC is 60%. The vehicle then runs
as an electric vehicle from 60% SOC to 40% SOC. This is the worst
comparison condition for the series hybrid vehicle.

The second condition is very similar to the electric vehicle concept. If
the battery is full charged, and if the purpose of the vehicle is for
commuting, shopping, or delivery purposes the driving distance is
usually less than 100km per day. Therefore the fuel economy and the
emissions are quite different from those produced by  the first
condition.

Simulation results by the two conditions described above are compared
in Table 6.3. The simulation results for a Hyundai Motor Company
Lantra 1.6 is used for the ICE comparison as this vehicle has a similar
specification to the series hybrid vehicle. Table 6.3 shows the general
purpose series hybrid vehicle has advantages at low speed in cycles
such as the ECE-15. However in the case of the ]J227a_D and
Extra_Urban cycle the results are worse than those for the ICE vehicle.
In particular the NOx emission are always worse than the ICE vehicle
regardless of driving cycle. This means that it is very difficult to
satisfy the requirement for both reduced fuel economy and reduction
of all emission components. Consequently this series hybrid vehicle
does not appear to be suitable as a general purpose vehicle that can be

used for both low average speed operation such as the ECE-15 cycle,
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and high average speed operation such as Extra_Urban cycle. To
satisfy the general purpose requirement a series hybrid vehicle needs
quite a large size electric motor because the motor must supply the
whole driving power to the vehicle alone. In this case the vehicle also
needs a large size engine as mentioned in section 6.3. Consequently

the weight of a vehicle is high and the fuel economy and emissions

suffer.

Condition 1* Condition 2** Lantr 1.6

ECE-15 Fuel (km/ £ ) 10.22 -7.2% 15.11 +37.2% 11.01

CO(g/km) 6.33 +5.3% 428 -28.8% 6.01

NOx(g/km) 450 | +174.4% 3.05 +86.0% 164

HC(g/km) 0.99 29.8% 067 525% 141
J227a D Fuel (km/ £ ) 10.89 -22.6% 14.98 +6.5% 1407 -

CO(g/km) 5.94 +45.9% 432 +6.1% 407

NOx(g/km) 422 +88.4% 3.07 +37.1% 224

HC(g/km) 093 0% 068 26.9% 0.93

Extra_Urban (Fuel (km/{) 12.06 -18.2% 16.35 +10.9% 14.74

CO(g/km) 5.36 +42.2% 3.96 +5.0% 377

NOxX(g/km) 3.82 +59.8% 2.81 +17.6% 2.39

HC(g/km) 0.84 0% 0.62 -26.2% 0.84

*)Condition 1: start 40% of SOC when SOC is 60% engine stop and run until 40% of SOC
**)Condition 2: start 100% of SOC stop after 100Km of distance

Table 6. 3 Series Hybrid Vehicle Simulation Results

Condition 1 Condition 2 Lantr 1.6
ECE-15 Fuel (km/ 2 ) 11.98 +8.8% 13.70 +24.4% 11.01
CO(g/km) 5.40 -10.2% 472 -21.5% 6.01
NOx(g/km) 384 | +134.1% 336 | +104.9% 164
HC(g/km) 0.85 39.7% 074 47 5% 1.41
J227a_ D Fuel (km/ {) 1473 +4.7% 16.96 +20.5% 14.07
CO(g/km) 4.39 +7.9% 3.81 5.4% 4.07
NOx(g/km) 3.12 +39.3% 271 +20.9% 224
HC(g/km) 069 25.8% 0.60 -355% 0.93

Table 6. 4 Series Hybrid Vehicle Simulation Results (Reduced Size for urban drive)
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On the other hand as can be seen in Table 6.3 condition 2 the fuel
economy and emissions can be much improved by the driving
condition. In particular in the ECE-15 cycle the series hybrid vehicle
can get the better fuel economy, CO and HC emissions than those of
the Lantra 1.6. In the case of the CO emission it must be reduced
because it is the greenhouse gas. In addition the NOx emission can be
also reduced by engine tuning at the engine design stage.
Consequently if a series hybrid vehicle is to be used for a particular
purpose, for example for commuting or delivery purposes in an urban
area, where the average speed is only 30~40km/h then vehicle power
train can be reduced in size. In the case of the series hybrid vehicle
driven only over the ECE-15 and ]J227a-D cycle the simulation results
with regards fuel use and emissions are better than the ICE vehicle
without the range limitation of the electric vehicle. Table 6.4 shows the
results of smaller sized series hybrid vehicle which has a 20kW motor

and a 25kW engine shown in Table 6.2 vehicle datal.

6.6 Conclusion

In this chapter the series hybrid vehicle model was simulated
assuming intermittent operation of the APU. A constant engine speed
and a constant throttle opening were assumed by the control logic. Of
course more complex control logic is possible such as variable engine
speed and variable throttle opening. In order to simulate the series
hybrid vehicle the motor and engine size should be optimized for the
particular operating duty whilst the best operating point of the engine
should also be set. Consequently the exact purpose of a vehicle should
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be known and according to this purpose the required powers are
calculated in order to size the electric motor and the engine u.sed in
the APU. The engine operating point can be set by examining the
engine BSFC and emissions maps. From the simulation results
obtained in this chapter the series hybrid vehicle has some advantages
in urban areas where there is a low average speed and short travel
distance. In other words the series hybrid vehicle is not appropriate
for use as a general purpose vehicle where high average speeds may
be encountered. Therefore if the series hybrid vehicle is developed for

urban area driving with a small sized motor and engine it can produce

quite good results.
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7. Performance of the Parallel Hybrid Vehicle

7.1 Operating Modes of the Parallel Hybrid Vehicle

The parallel hybrid vehicle can have a number of operating modes
because it has two power source such as an electric motor and an IC
engine. For example the electric motor or the IC engine could be used
simultaneously. Table 7.1

alone or both of them could be used

describes the possible operating modes/5l.

Mode

Description

Electric mode
IC engine mode

Primary electric
mode

Primary IC engine
mode

Hybrid mode

Battery-charge
mode
Regenerative
braking

Accelerator
kick-down'

All propulsion power supplied by the electric-traction system

All propulsion power supplied by the IC engine

The electric-traction system provides the principal torque but,
when necessary, its maximum torque is augmented by the

IC engine

The IC engine provides the principal torque but, when necessary,
its maximum torque is augmented by electric-traction system
Both the IC engine and the electric-traction system together,

in some way, provide the propulsion power

The IC engine provides both the propulsion power and power to
charge the batteries with the traction motor acting as a generator

During braking the vehicle kinetic enegy is retumed to the battery,
with the traction motor acting as a generator

Essentially a primary IC engine mode when increased torque is
provided to give acceleration :

Table 7. 1 Possible Operating Modes for the Parallel Hybrid Vehicle

The parallel hybrid vehicle simulated in this chapter uses the electric
mode and the primary IC engine mode. Vehicle speed is used to
decide when to switch between modes. To change between the two
modes the vehicle drives in the electric mode until the road speed is
greater than the switching speed decided in the controller model. At
the switching speed the motor is switched off and the engine is

switched on. While in this primary IC engine mode if the input
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throttle position is greater than the maximum throttle allowed by. the
controller, the additional throttle requirement is supplied by the
electric traction motor. The switching speed, and the maximum
allowed engine throttle opening can be optimized by a number of
simulations. Of course the battery charge mode and the regenerative

braking mode are also used.

7.2 Configuration of the Parallel Hybrid Vehicle

A parallel hybrid vehicle has a slightly more complicated structure
than other types of vehicle described in this thesis because it has two
power sources as shown in Figure 7.1. However most of the
components have already been modelled for use in other types of
vehicle. Therefore in this section only the transfer and the controller
blocks which are dedicated to the parallel hybrid vehicle will be

described. In addition the vehicle data file, phv.m, is fully listed in

Appendix 6.
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Figure 7.1 Parallel Hybrid Vehicle Model
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7.2.1 The Transfer Block
The role of the transfer block is to add the engine torque to the motor
torque and to transfer the rotational speed from the gearbox to the

controller as illustrated in Figure 7.2.

Mtr Torq

]

radss from g/box radss to controller

Figure 7. 2 Transfer Model

7.2.2 The Controller

As shown in Figure 7.3 the parallel hybrid vehicle controller has a
much more complicated structure than that used in the series hybrid
vehicle. This controller is totally different from that of the series
hybrid vehicle because this controller contains the total_torque_curve
and calculates the engine and motor torque. This means that the
engine block does not contain the engine and motor torque curve
therefore the engine block only calculates the amount of fuel and
emissions as shown in Figure 7.5. In order to schedule the torque and
the throttle opening to the motor and engine the controller receives
the throttle demand, the actual vehicle velocity and the rotational
speed at the transfer point.

In this controller the most difficult part to understand is the
total_max_torque curve block. When the vehicle is running in the

electric mode the motor torque is determined by the switch5 block.
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zero. However when the vehicle is running in the primary IC engine

Figure 7. 3 Controller Model
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Figure 7. 4 Total Maximum Torque Curve

mode the engine and the motor torque are

total_max_torque curve block because now the vehicle can get power
from both the engine and the motor. The total_max_torque curve block

is made by the addition of the engine torque and motor torque curve
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as shown in Figure 7.4. In this graph line@ is the total_max_torque
curve and line@is the maximum torque curve of the motor. Line® is
the maximum torque curve of the IC engine. In fact the maximum
torque curve of the IC engine is the line® but in order to optimize the
fuel economy and the emissions it is limited by a fixed percentage as
shown in the max_throttle block. This means that if the output torque
from the total_max_torque curve is greater than the engine_torque
_curve calculated by the product2 block it is limited by the switch6
block and the remainder of the torque is supplied to the sumb5 block
through the switch7 block. The actual speed and the switching speed

are compared in the switch3 block through the sum1 block.
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Figure 7. 5 Engine Model of the Parallel Hybrid Vehicle




7.3 Consideration of Engine and Motor Size

In order to decide on what motor and the engine size to use in the
parallel hybrid vehicle a similar method is used as that for the series
hybrid vehicle. (See section 6.3.) First of all an estimate of vehicle
weight is made depending on the engine and motor rating and the
power requirement at the different velocity and acceleration points
calculated as in section 6.3. However the parallel hybrid vehicle does
not need such a large size motor and engine as the series hybrid
vehicle because if the motor size is smaller than the required power
any additional power can be supplied by the other power source. In
the case of the motor its size depends on the switching speed. If the
switching speed is high then the motor must be made large because
the electric mode will be used to a greater extent than if the switching
speed is low. This means that only the motor drives the vehicle at low
speeds. The engine size is determined by subtracting the motor size
from the maximum required power because if the vehicle needs a
power which is greater than the maximum engine power this
additional power can be supplied by the motor. Of course also of
importance is the maximum engine throttle opening to be allowed. For
example if an engine has a maximum torque of 100N-m at 3000rpm the
fuel consumption and the emissions would not be good. Generally fuel
consumption and the emissions are improved if the maximum torque
is limited to 80-85% of maximum torque by limiting the maximum
allowed throttle opening.(see section 6.4) The effect of the maximum

throttle limitation will be demonstrated in section 7.4.2. According to
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above methods the parallel hybrid vehicle data is set as shown in

Table 7.2.

\ehicle Test Weight (kg) 1735
Drag Coefficient 0.32
Rolling Resistance Coefficient 0.01
Frontal Area (m’) 1.875
Wheel Radius (m) 0.28
Final Drive Ratio 5.68
Transmission Ratio 1st 3.462

2nd 2053

3rd 1.370

4th 1.031

. 5th 0.838

Motor Max. Speed (revmin) 8000
Motor Max Power (KWW 25
Engine Max Power (Kk\) 50
Max Throttle Opening (%) 83
Switching Speed (km/h) 52 0r35
Battery Weight (kg) 320
Battery Type EV2-13 (lead-acid)

Table 7. 2 Parallel Hybrid Vehicle Data

7.4 Simulation of the Parallel hybrid Vehicle

7.4.1 Analysis of the Parallel Hybrid Vehicle Simulation

The J227a_D cycle is used in the simulation to describe the general
control behavior of the parallel hybrid vehicle because the acceleration
requirements are quite severe and consequently this cycle will show
the primary IC engine mode very well. Figure 7.6 shows that the
simulation has been successful and that the engine and the motor size
are appropriate to this cycle. According to Figures 7.7 and 7.8 the

main power source has changed correctly from the motor to the engine
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at the switching speed which is set 35km/h. In addition the motor
supplies some power to the vehicle after the engine is switched on
showing that the primary IC engine mode acts correctly. In addition
the engine torque is limited to 83% by limiting the maximum throttle
as shown in Figure 7.8. Figure 7.9 illustrates the engine speed. Figure
7.9 also demonstrates that the switching speed and primary IC engine

mode act correctly and has a saw-toothed shape due to the gear

changes.
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7.4.2 Effect of Maximum Throttle
In order to improve the fuel economy and reduce emissions the

throttle opening is limited by the controller as discussed in section 7.3.
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7.4.3 Simulation Results

The simulation results vary according to the switching speed.
Therefore three switching speeds are simulated and the results are
listed in Table 7.3. In this table ‘Range as hybrid’ means the range
possible beforé the battery SOC reduces from 100% to 0%. For example,
in the case of the Extra_Urban cycle and a switching speed of 52km/h
the vehicle runs as an ICE vehicle after 410.34km because there is no
battery SOC left. With 0% battery SOC this parallel hybrid vehicle can
not drive over the three driving cycles because the electric motor can
not supply the additional power required when the engine alone is
unable to meet the cycle power demand. Therefore this case needs
some special control logic. For example when the battery SOC falls
below 40% battery SOC in the Extra_Urban cycle if the switching
speed is reduced from 52km/h to 35km/h the battery SOC will not fall
under 40% SOC because the amount of change of the battery SOC is
only -0.0338% after one cycle as shown in Table 7.3. This means the
amount of change of the battery SOC is very small negative value
therefore the vehicle can be driven with the fuel economy and the
emissions of condition2 without losing battery SOC and without the
range limitation. In the case of the ECE 15 and the J227a-D cycle
switching speeds 15km/h and 35km/h are more suitable than 52km/h
due to the substantial low speed operation in these cycles. If the
parallel hybrid vehicle uses the method described above to change the
switching speed thé ECE-15 and the Extra_Urban cycle are satisfied

but the J227a_D cycle needs more consideration. In addition in order
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to satisfy this control method the vehicle needs a device and software
that can change the switching speed according to the battery SOC and
the driving pattern. As can be seen in Table 7.3 the simulation results
of a parallel hybrid vehicle are good at all parameters even NOx which

is difficult to reduce in a series hybrid vehicle.

Condition 1 Condition 2 Condition 3 Lantra1.6
Switching Speed 15 kmh 35 kmh 52 kmh
ECE15 SOC(%/cycle) +0.0288 -0.8843 -1.6397
Fuel (kv £) 18.16 +64.9% 4661 +323.3% - - 11.01
CO(gflam) 328 -45.4% 1.12 -81.4% 0 - 6.01
NOx(g/km) 1.68 +2.4% 0.75 -54.3% 0 - 164
HC(gfkm) 0.73 -48.2% 0.26 -81.6% 0 - 1.41
Range as unlinited 112.09 60.33
Hybrid(km)
J227a_D |SOC(%lcycle) -0.2861 -0.7168 -1.5566
Fuel (kv 1) 19.56 +39.0% 22 +57.9% 26.56 +88.8% 14.07
CO(g/km) 281 -31.0% 248 -39.6% 208 -48.9% 407
NOx(g/km) 201 -10.3% 1.76 -21.4% 1.43 -36.2% 224
HC(g/km) 0.61 -34.4% 054 -41.9% 046 -50.5% 0.93
Range as 54456 216.24 99.90
| Hybridgkm)
Extra_ SOC(%/cycle) +0.3837 -0.0338 -1.6876
Urban Fuel (lkev/ £ ) 17.91 +21.5% 18.45 +25.2% 235 +51.6% 14.74
. CO(g/km) 295 -21.8% 284 -24.7% 230 -39.0% 377
NOx(g/km) 243 +1.7% 236 -1.3% 2.06 -13.8% 239
HC(g/km) 0.62 -26.2% 0.60 -28.6% 0.49 -41.7% 084
Range as unlinited 20502 410.34
Hybrid(km)

Table 7. 3 Parallel Hybrid Vehicle Simulation Results

7.5 Conclusion

The performance and fuel economy of a parallel hybrid depends
heavily on the control logic used. Depending on the vehicles purpose
different control logic can be used to change between modes. In this

chapter a simple speed based scheme has been used to switch between

72



the electric and the primary IC engine modes. As in the series hybrid
vehicle the motor and the engine size must be carefully selected.
However a smaller size of motor can be used compared to that than
the series hybrid vehicle as both the engine and the motor can produce
power for driving simultaneously. The simulation results shows good
fuel economy and emissions when the switching speed is high

However there is a range limitation, as in an electric vehicle, when a
high switching speed is used. In order to solve this problem the
switching speed should be changed to lower value when the battery
SOC becomes a low, for example less than 40%. In this way the battery
does not lose SOC after one cycle. With this control logic the fuel
economy and the emissions deteriorate slightly but the range
limitation is removed. The parallel hybrid vehicle has some
disadvéntages compared to the series hybrid such as more complex
control logic. However the parallel hybrid vehicle can be used as a
genefal purpose vehicle which includes use at a high average speed.
Depending on the purpose of the vehicle different fuel economy can be

obtained from the simply by changing the control logic.
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8. Comparison of the Series and Parallel Hybrid Vehicle

In this chapter the series and the parallel hybrid vehicle are compared

based on the simulation results obtained in Chapter 6 and 7.

8.1 Structure

As illustrated in each layout diagram in Figure 6.1 and Figure 7.1 the
series hybrid vehicle has a simpler structure than the parallel hybrid
vehicle because there is no clutch, gearbox or transfer unit. It
therefore has an advantage in designing over the parallel hybrid

vehicle.

8.2 Control logic

The control logic used in the series hybrid is significantly simpler than
that required by the parallel hybrid(See Figure 6.4 and 7.3). In the
series hybrid vehicle the APU operating point, in terms of engine rpm
and the engine throttle position, is of major importance as discussed
in section 6.4.

On the other hand the parallel hybrid vehicle has many parameters

and factors to consider for operation as discussed in 7.2.2.

8.3 Fuel Economy

The fuel economy results in Table 8.1 for the parallel hybrid vehicle
are substantially better than those produced by the series hybrid. The
series hybrid vehicle used in Table 8.1 is the general purpose vehicle

discussed in section 6.5.2 and the parallel hybrid vehicle used in Table
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8.1 is the vehicle described in Table 7.2. However these results depend
on both the actual use of the vehicle and how they are calculated with
regards battery SOC. This makes detailed comparison difficult. In
particular it is more difficult to compare directly between a series and
parallel hybrid vehicle.

In Table 8.1 conditionl of the series hybrid vehicle means that the
vehicle starts with the battery SOC of 40%. The APU of the series
hybrid vehicle is turned on and the battery is charged until the battery
SOC is 60%. The vehicle then runs as an electric vehicle from 60% SOC
to 40% SOC. Therefore the vehicle can be driven with conditionl
without range limitation. However this is the worst comparison
condition for the series hybrid vehicle. In the results of the condition2
the vehicle starts with 100% SOC and the results calculated when the
vehicle has travelled 100km without regard to the battery SOC. If the
vehicle is mainly used for urban area driving and the battery can be
charged overnight condition2 is much more realistic. Figure 8.1 and
8.2 illustrate above two conditions.

In the case of the parallel hybrid vehicle the results depend on the
switching speed. In Table 8.1 the parallel hybrid simulation results are
calculated assuming switching speeds used in section 7.4.3. The
vehicle starts with a battery SOC of 100% and a high switching speed
is used until the battery SOC reaches 40% after which a lower
switching speed is used. This ensures the battery does lose anymore
SOC. Figure 8.3 shows this condition. Of course according to the

driving cycle different switching speeds are used as explained in
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section 7.4.3. Finally the fuel and emissions data of the parallel hybrid

vehicle are normalized for a distance of 600km, the typical range of an

ICE vehicle, to compare to the ICE vehicle.

Battery
SOC (%)
80
40
Dictance (km)
depend on the cycle

Figure 8. 1 Table 8.1 Condition1 of the Series Hybrid Vehicle

Battery
SOC (%)
100
€0 \/\/\/ Ve
40
Dictance(km)
100km

Figure 8. 2 Table 8.1 Condition2 of the Series Hybrid Vehicle

Battery
SOC (%)

Dictance(km)
600km

Figure 8. 3 Table 8.1 Condition of the Parallel Hybrid Vehicle
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8.4 Emissions

It is very difficult to reduce CO, NOx and HC emissions all at the
same time. In particular the way NOx emissions vary with engine load
and speed is quite different to the other two types of emissions.(see
Figure 6.6) Therefore a lower reduction(if any) in the NOx emissions
must be accepted as shown in Table 8.1. However the results produced
here use data for a standard engine whereas the worst emission such
as the NOx would be reduced by engine tuning at the engine design
stage. Such engine tuning could also be expected to improve the other

emissions and fuel usage data for the hybrid vehicle.

Series Hybrid Parallel Hybrid Lantra 1.6
Condition 1* Condition 2* '

ECE15 Fuel(ewl) | 1022 | 72% | 16511 | +37.2% | 2135 | +89% | 1101
coghm) 633 | +53% | 428 | -288% | 304 | -494% | 601
NOX(g/km) 450 | +1744% | 305 | +860% | 158 | -37% 164
HO(grkm) 009 | 208% | o067 | 525% | 068 | -51.8% | 141

J2Z7aD |Fuel(anl) | 1089 | 226% | 1498 | +65% | 2055 | +461% | 1407
Colghkm) 504 | +459% | 432 | +61% | 268 | -342% [ 407
NOx(gkm) 405 | +884% | 307 | +371% | 182 | -143% | 224
HO(g/km) 0.93 0% 068 | 269% | 058 | -376% | 093

Btra |Fuel(al) | 1206 | -182% | 1635 | +10.9% | 2005 | +350 | 1474

Wban  |CO(ghm) 536 | +422% | 396 | +50% | 262 | -305% [ 377
NOx(g/km) 380 | +50.8% | 281 | +17.6% | 224 | 63% 239
Ho(g/km) 084 0% 062 | 262% | 055 | -345% | 084

*)Condition 1: start 40% of SOC when SOC is 60% engine stop and run until 40% of SOC
**)Condition 2: start 100% of SOC stop after 100km of distance

Table 8.1 Comparison of Series and Parallel Hybrid Vehicle Simulation Results

8.5 Performance

The parallel hybrid vehicle can be used as a general purpose vehicle

with good results. However if the series hybrid vehicle is used as a
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general purpose vehicle the results could be worse than those
produced by similar sized ICE vehicle as shown in Table 8.1.
Consequently to achieve acceptable results the engine size in the series
hybrid vehicle should be reduced making this vehicle were suitable for

urban operation as discussed in section 6.5.2 and Table 6.4.
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9. Conclusion and Further Work

Conclusion

The aim of this project was to develop computer models for the ICE
vehicle, electric vehicle and the series and parallel hybrid electric
vehicles.

Component models have been developed using MATLAB/SIMULINK
and form the vehicle library JANUSLEE. These component models have
been used to assemble full vehicle models in order to simulate and
compare the performance of different types of vehicle. In particular a
comparative study of the series and parallel hybrid electric vehicle has
been presented. The use of SIMULINK makes it possible to simulate
without the need for real prototype cars. JANUSLEE has many
component models which can be used to model many different kinds
of vehicle.

The performance of the Accent 1.3 ICE vehicle was simulated and
compared with test data from the Hyundai Motor Company. From this
comparison the accuracy and the reliability of the SIMULINK model
was proved.

Although the electric vehicle has many advantages the inadequate
battery technology results in the vehicle having a heavy weight, low
range and long charging time. This limits its use to short distance
driving in urban areas.

The series hybrid vehicle is attractive for low speed cycles such as

ECE-15, however in high speed cycles the results are worse than the
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ICE vehicle. Therefore the series hybrid vehicle is best used for urban
area driving when the motor and engine size can be reduced. In
addition there are many control options possible for the APU.

Generally the parallel hybrid vehicle is better than the series hybrid
vehicle. It has good results over all driving cycles. However the
mechanical structure and the control logic is more complicated than
that required by the series hybrid. The control logic needs further
work to determine the best control strategy. This is discussed later in
this chapter.

The series and parallel hybrid vehicle are being developed as possible
replacements for the ICE vehicle. The best solution to reduce exhaust
emissions and dependence on petroleum fuel is the electric vehicle.
However there are still many problems with regards to battery
technology. Consequently the hybrid vehicle can play an important
part in replacing the ICE vehicle. The results of this project confirm
the potential of the hybrid electric vehicle as a replacement for the ICE
vehicle and suggest research and development of the hybrid vehicle

should be continued.

Further Work

There are many possibilities for further work in the area of the hybrid

vehicles. In particular topic related to this project are as follows.

¢ Battery technology: In the electric and hybrid vehicle the battery is a

critical factor in their development. Many kinds of battery have been
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developed and models of those batteries need to be available in the

simulation software.

¢ Further control of the series hybrid: In this project only a simple
control method was used in the simulation. However there are many

other possible control options available and these need to be

developed and simulated.

¢ Further control of the parallel hybrid: In order to further improve
the performance of the parallel hybrid other kinds of control logic
should be concerned; for example is it possible to mix the control logic

of the series and parallel hybrid, how to change the switching speed

while a vehicle is running etc.

¢ Minimization of the simulation error: When comparing real test
data with the simulated performance of ICE vehicle there was some
error between the two sets of results. This error should be minimized
to obtain better simulation results. For example including engine
temperature effects in start up, or the slip of the clutch, will help
improve the simulation aécuracy. However obtaining accurate test data

and vehicle data is always a major problem.
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Appendices

Appendix 1 Driving Cycles

1.1 ECE-15

% Time in seconds, velocity in km/h

% Specify cycle time and integrator initial value

time=200;
init=0,

cycle_data=[0.0
11.0
15.0
23.0
25.0
49.0
61.0
85.0
96.0
117.0
143.0
156.0
164.0
177.0
189.0
195.0

0.0;
0.0;
14.91;
14.91;
0.0;
0.0;
31.82;
31.82;
0.0;
0.0;
49.73;
49.73;
34.80;
34.80;
0.0;
0.0];

cycle_time=0:1:195;
cycle_vel=interp1(cycle_data(:, 1),cycle_data(;,2),cycle_time);

1.2 J227a_D

% Time in secs, velocity in km/h

time=122;

init=0;

cycle_data=[0.0 0.0;
28 72.4;
78 72.4;
87 66.6;
98 0;
122 0l;

cycle_time=0:1:122;
cycle_vel=interp1(cycle_data(;,1) ,cycle_data(:,2),cycle_time);
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1.3 Extra_Urban

% Time in seconds, velocity in km/h

% Specify cycle time and integrator initial value
time=400;

init=0;

cycle_data=[0.0 0.0;

20.0

21.0

38.0

48.0

61.0

111.0
119.0
188.0
201.0
251.0
286.0
316.0
336.0
346.0
362.0
370.0
380.0
400.0

0.0;
15.0;
35.0;
50.0;
70.0;
70.0;
50.0;
50.0;
70.0;
70.0;
100.0;
100.0;
120.0;
120.0;
80.0
50.0;
0.0
0.0J;

cycle_time=0:1:400;

cycle_vel=interp1(cycle_data(, 1),cycle_data(:,2),cycle_time);
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Appendix 2 Accent1.3 Data Files

2.1 act3.m

% Vehicle test data for 1.3 litre Accent
% The engine map is available in act_map3.m

% Specify vehicle parameters:
mass=1100;

C_drag=0.317,;
frontal_area=1.91,
C_roll=0.018;
wheel_radius=0.289;

theta=0;

g=9.81;

% Specify transmission details:
vel_1_2=15.0;
vel_2_3=32.0;
vel_3_4=55.0;
vel_4_5=65;
ratio_1=3.462;
ratio_2=2.053;
ratio_3=1.370;
ratio_4=1.031;
ratio_5=0.838;
final_drive_eff=0.96;
final_ratio=3.842;
gearbox_eff=0.96;

% Specify engine parameters and motor type:
max_motor_speed=5500;
max_torque=117.95;

max_speed=5500;

idle_speed=1000;

idle_cons=0.165;

idle_c0=0.01534;

idle_hc=0.003768;

idle_nox=0.0003559;

comp_ratio=10;

crl=comp_ratio*0.1;

crli=comp_ratio"0.2;

crlll=comp_ratio”0.3;

cc=1341;
comp_torque=cc*(0.081*(crll-1)-(0.05*((crllI-1)/crl)));
act_map3;

%Specify whether fuel cut off valve is present: YES=0 NO=-1000
fco=-1000;

% Specify driver details; gain and reset time (when used):

K_driver=0.4;
T_i=30;
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2.2 act3_map.m

% Hyundai 1.3 litre engine maximum torque and bsfc values

% The maximum torque values start at 0 and finish at 1 in 10% steps.

% The bsfc values start at (0,0) and finish at (1,1) in

% Max_speed (in rpm) and max_torque (in Nm) must be specified in "act3.m".
% Unit of bsfc, CO, HC and NOX : g/kW-hr

speed=0:max_speed/11:max_speed;

torque=0:max_torque/10:max_torque;

contorque=0:0.1:1;

% Specify the maximum torque curve

torque_limit=[0.50 0.64 0.76 0.84 0.90 1.00 0.99 0.96 1.00 1.00 0.99 0.94]
full_torque=torque_limit*max_torque;
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870.56 610.98 614.51 582.21 575.93 589.71 613.26 650.32 765.35 777.52,
481.30 435.19 425.51 423.80 417.73 422.14 439.97 494.03 473.89 494.38
376.55 353.67 341.48 342.67 340.48 338.44 354.64 368.40 371.02 383.81;
352.47 315.85 311.69 308.79 307.24 307.70 318.96 320.77 331.11 349.04;
319.38 296.05 289.81 288.67 286.90 286.86 295.47 300.24 309.09 314.36;
316.45 283.50 275.52 275.22 273.14 273.54 280.67 286.48 284.27 298.46;
332.91 273.41 263.95 263.96 262.27 263.73 269.37 276.52 282.78 287.35;
352.57 269.57 255.31 254.89 254.57 255.86 261.15 269.36 275.53 283.26;
394.76 313.15 284.70 256.09 250.27 255.06 255.23 266.41 271.78 292.97;
334.57 374.69 315.04 282.14 276.82 289.58 279.06 284.83 291.23 309.11]

OCOOC OO 0O0O0OC0OO

ab=[0 0 119.42 67.32 58.35 61.70 56.71 67.42 49.91 77.97 91.24 105.97;
88.47 47.80 4463 46.75 42.97 49.73 43.07 56.70 6520 75.14;
49.57 30.52 30.91 32.48 27.60 3246 35.89 3540 29.13 44.05
53.72 2506 26.54 2528 23.06 21.78 28.93 24.03 26.52 28.95
63.84 2577 21.13 2521 21.02 21.44 2429 2562 24.47 23.62;
61.59 22.91 20.48 24.07 20.30 1820 20.08 20.14 21.96 22.59;
59.33 2126 17.35 21.56 18.84 17.51 17.63 18.94 20.72 19.59
62.51 18.93 13.52 1859 16.24 1824 1624 19.31 1973 23.35
68.38 14.45 1524 17.41 14.85 16.83 16.33 18.84 23.70 37.85
87.99 4251 39.54 33.24 16.39 2821 17.72 2974 35.86 95.21
11456  109.72 133.82 140.23 125.55 14559 128.18 125.77 139.49 137.95]

Ctab=[0 0 31.16 17.87 14.38 12.86 11.37 10.46 9.26 8.80 10.15 9.17,

2012 13.06 11.04 10.04 8.88 824 7.30 7.09 756 6.9
998 847 770 732 654 609 540 538 499 475
813 635 577 569 528 473 428 420 3.97 373
772 540 529 4899 451 416 379 354 347 3.45
657 453 461 432 398 375 349 321 306 278
619 415 422 397 370 345 328 291 269 245
639 376 3987 383 356 321 3.08 263 241 2.2
662 338 371 351 330 312 280 240 226 215
728 608 432 341 299 317 270 231 216 231%
983 878 493 380 375 400 310 291 263 255]

tab=[0 0 1.02 0.79 1.97 10.96 17.53 19.92 27.82 20.05 29.08 31.50;
124 195 3.83 16.36 20.79 30.93 26.80 36.18 28.72 19.82
691 1372 16.01 22.00 2093 23.90 26.76 2597 27.18 30.45;
990 1679 17.59 15.15 21.15 2250 23.73 24.37 2472 27.45,
932 17.30 17.42 15.86 21.09 21.27 22.47 2285 2202 2377,
1099 17.16 16.99 19.94 20.34 19.44 21.26 2190 21.48 20.46;
1253 17.41 16.46 18.94 19.57 19.68 20.58 20.96 20.63 17.68
1346 1670 16.05 17.87 18.73 19.34 19.90 20.63 17.97 14.97;
1437 1551 15.88 1679 17.94 18.18 18.82 19.14 11.78 9.99
1515 1142 1542 13.37 12.94 1664 17.84 1409 7.51 587,
884 838 604 555 550 983 956 6.80 580 4.39]
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Appendix 3 ETV1 Data Files

3.1 etvi.m

% Vehicle test data for the ETV1 electric car
% The motor map is available in etv_mot1i.m

% Specify vehicle parameters - mass INCLUDES battery mass
mass=1795;

C_drag=0.32;

frontal_area=1.875;

C_roli=0.01;

wheel_radius=0.28;

theta=0; % Road gradient theta

g=9.81;

% Specify transmission details

final_drive_eff=0.92; % Final drive efficiency
final_ratio=5.68; % Final drive ratio

% Specify motor parameters and motor type

m_max_motor_speed=5000; % Maximum motor operating speed
m_max_torque=128; % Maximum motor torque
m_max_speed=5000;

etv_mot1; : % Load motor data file etv_mot1

- % Specify controller efficiency
controller_eff=0.98;

% Specify Battery details and initial soc (%)

battery_mass=495; % Battery mass

initial_soc=100; % Battery initial SOC

ev2_13;

% Specify driver details; gain and reset time (when used)

K_driver=0.5; % Driver proportional controller gain
T_i=30;

3.2ev2_13.m

% Battery parameters for Globe Union EV2-13 lead acid batteries

% Specify coefficients of battery model
A=-0.03516;
B=-0.69045;
C=3.31975;

% Specify model accuracy limits, W/kg
Pd_max=80;
Pd_min=5;

% Calculate 5hr Energy Density in W/kg and specify battery charge efficiency

Edi_5=5*(exp(A*log(5)*log(5)+B*log(5)+C));
batt_charge_eff=0.87;
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3.3 etv_mot1

% ETV1 maximum torque and motor efficiency values

% The maximum torque values start at 0 and finish at 1 in 5% steps.

% The efficiency values start at (0,0) and finish at (1,1) in

% 5% steps for both torque and speed.

% For this routine to work both max_speed (in rpm) and max_torque (in Nm) must be specified.
Inetvi.m

m_speed=0:m_max_speedlZO:m_max_speed;
m_torque=0:m_max_torque/20:m_max_torque,

m_torque_limit=[1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.900 0.815
0.740 0.685 0.6150.560 0.535 0.495 0.460 0.450 0.430];

m_full_torque=m_torque_limit*m_max_torque;

m_efficiency=[
0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050

0.050 0.050 0.050 0.050 0.050;

0.050 0.150 0.300 0.450 0.600 0.610 0.620 0.630 0.640 0.670 0.700 0.730 0.760 0.780 0.800 0.800
0.800 0.800 0.800 0.800 0.800;

0.050 0.270 0.550 0.600 0.650 0.680 0.710 0.715 0.720 0.760 0.800 0.827 0.855 0.858 0.861 0.861
0.862 0.861 0.860 0.860 0.860;

0.050 0.405 0.615 0.660 0.695 0.733 0.760 0.768 0.775 0.805 0.837 0.855 0.874 0.876 0.878 0.876
0.875 0.874 0.873 0.874 0.874;

0.050 0.540 0.680 0.720 0.760 0.785 0.810 0.820 0.830 0.851 0.873 0.883 0.892 0.893 0.894 0.892
0.891 0.887 0.886 0.887 0.888;

0.050 0.560 0.695 0.738 0.780 0.801 0.823 0.833 0.843 0.862 0.881 0.889 0.896 0.895 0.894 0.891

0.889 0.885 0.883 0.881 0.878,;

0.050 0.580 0.710 0.755 0.800 0.817 0.835 0.845 0.856 0.873 0.890 0.895 0.900 0.897 0.894 0.890
0.886 0.883 0.880 0.874 0.868,;

0.050 0.585 0.710 0.757 0.805 0.822 0.849 0.850 0.860 0.875 0.890 0.893 0.885 0.892 0.889 0.884

0.878 0.874 0.870 0.865 0.859,

0.050 0.590 0.710 0.760 0.810 0.827 0.844 0.854 0.864 0.877 0.890 0.890 0.890 0.887 0.884 0.877
0.871 0.865 0.860 0.855 0.850;

0.050 0.585 0.705 0.755 0.805 0.825 0.846 0.856 0.866 0.876 0.888 0.887 0.885 0.881 0.876 0.869
0.863 0.858 0.853 0.846 0.840;

0.050 0.580 0.700 0.750 0.800 0.824 0.843 0.858 0.868 0.876 0.885 0.883 0.880 0.874 0.868 0.871
0.855 0.850 0.845 0.837 0.830;

0.050 0.570 0.690 0.738 0.790 0.817 0.844 0.855 0.867 0.874 0.881 0.877 0.873 0.867 0.861 0.854
0.848 0.845 0.840 0.830 0.820;

0.050 0.560 0.670 0.725 0.780 0.810 0.840 0.852 0.865 0.871 0.876 0.871 0.866 0.860 0.854 0.847
0.840 0.835 0.830 0.820 0.810; '

0.050 0.550 0.670 0.720 0.775 0.805 0.835 0.848 0.863 0.867 0.871 0.865 0.861 0.854 0.847 0.840

0.835 0.830 0.820 0.810 0.800;
0.050 0.540 0.660 0.715 0.770 0.800 0.830 0.845 0.860 0.863 0.866 0.860 0.855 0.847 0.840 0.835

0.830 0.820 0.810 0.800 0.790;
0.050 0.530 0.650 0.705 0.760 0.791 0.825 0.839 0.855 0.856 0.858 0.853 0.845 0.840 0.835 0.830

0.820 0.810 0.800 0.790 0.780;
0.050 0.520 0.640 0.695 0.750 0.783 0.821 0.836 0.850 0.850 0.850 0.843 0.835 0.830 0.825 0.820

0.810 0.800 0.790 0.780 0.770;
0.050 0.510 0.630 0.687 0.745 0.789 0.818 0.833 0.847 0.847 0.847 0.840 0.830 0.825 0.820 0.810

0.800 0.780 0.780 0.770 0.760;
0.050 0.500 0.620 0.680 0.740 0.795 0.815 0.830 0.845 0.845 0.845 0.836 0.825 0.820 0.810 0.800

0.790 0.780 0.770 0.760 0.750;
0.050 0.475 0.610 0.672 0.735 0.780 0.810 0.825 0.840 0.841 0.841 0.831 0.820 0.810 0.800 0.790

0.780 0.770 0.760 0.750 0.740;
0.050 0.450 0.600 0.665 0.730 0.765 0.800 0.818 0.836 0.837 0.838 0.829 0.810 0.800 0.790 0.780

0.770 0.760 0.750 0.740 0.730];
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Appendix4 Series Hybrid Vehicle Data Files

4.1 shv.m

% Vehicle test data for the Sereis Hybrid Vehicle
% The motor map is available in im8000.m (Induction Motor)

% Specify vehicle parameters - mass INCLUDES battery mass
mass=1800;

C_drag=0.32;

frontal_area=1.875;

C_roll=0.01;

wheel_radius=0.28;

theta=0;

g=9.81;

% Specify transmission details
final_drive_eff=0.96;
final_ratio=5.68;

% Specify motor parameters and motor type
max_motor_speed=8000;
mt_max_torque=163;

limit=1.07;
m_max_torque=mt_max_torque*|imit;
m_max_speed=8000;

im8000;

% Specify Battery details and initial SOC (%)
battery_mass=320;

initial_soc=60;

ev2_13;

% Specify driver details; gain and reset time (when used)
K_driver=0.5;
T_i=30;

% Specify Hyundai Accent 1.3L engine parameters
max_torque==84.5;
max_speed=5500;

% Specify engine controller parameters
engine_on=40;

engine_off=60;

run_speed=2500;
throttle_opening=0.83;

act_map3;
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4.2 im8000.m

9% Efficiency map for the GE induction motor and controller

% initial data torque inn ft-Ib and speed in rpm

% Rating 50hp, break speed 2188 rpm, max torque 110 ft Ib, max speed 8000 rpm
% In S| units max torque is 163 Nm, max power 37.3 kw

% m_max_torque and m_torque should be specified in Nm

speed=[0 500 1000 2000 3000 4000 5000 6000 7000 8000},
torque={0 6.78 13.56 20.34 27.12 4067 5423 67.79 8135 9491 10846 122.02

135.58 149.14 163];

m_efficiency=[  0.001 .394 .541 .660 724 793 .839 .857 .867 .862
0.200 .394 541 660 .724 793 .839 .857 .867 .862
0.265 532 637 .731 .793 .850 .893 .903 .907 .898
0.308 617 .703 .770 .817 .865 .893 .903 .907 .898
0.304 608 .713 .789 .831 .874 .898 .912 .907 .898
0.304 608 .713 .812 .846 .869 .888 .903 903 .888
0.290 580 .694 .817 .850 .865 .884 .893 .893 .888
0.270 542 .703 .808 .850 .865 .869 .879 .884 874
0.270 .542 703 .808 .846 .855 .865 0 0 0
0.260 523 684 .798 .836 .855 .855
0.255 513 .694 .789 .827 .846 .846
0.250 .494 675 .784 .808 .817 0
0.228 456 .656 .784 .798 0 0
0.229 .223 .447 646 779 0 0
0.220 .442 641 774 0 0 0

el >NoNe]
o9®ooo
Looocoo

m_speed=speed/800o*m_max_speed;
m_torque=torque/163*m_max_torque,
m_torque_limit=[1.000 1.000 1.000 1.000 0.7284 0.5463 0.4370 0.3642 0.3122 0.2732];

m_full_torque= m_torque_limit*m_max_torque;
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Appendix 5 Calculation File

mass=1800
cd=0.32

cr=0.01

area=1.875

r=0.28

g=9.81
final_drive_eff=0.96
final_ratio=5.68
gearbox_eff=0.96

vel1=(v1*1000)/3600 % input value to calculate acceleration
vel2=(v2*1000)/3600

a=(vel2-vell)/t % acceleration (m/sz)

ft=(mass*a)+(vel2*2*0.5"1 226*cd*area)+(mass*g*sin(x*pi/1 80))+(mass*g*cr) % traction force
torq=((ft*r)/(final_drive_eff*finaI_ratio)) % required motor torque

spd=(vel2/r)*final_ratio % motor speed (rad/s)

rpm=spd*30/pi % motor speed (rpm)

power=(torq*spd)/1000 % required motor power (kW)



Appendix 6 Parallel Hybrid Vehicle File

6.1 phv.m

% Vehicle test data for the Parallel Hybrid Vehicle
% The motor map is available in im8000.m

% Specify vehicle parameters - mass INCLUDES battery mass
mass=1735;

C_drag=0.32;

frontal_area=1.875;

C_roll=0.01;

wheel_radius=0.28,;

theta=0;

g=9.81;

% Specify transmission details
final_drive_eff=0.96;
final_ratio=5.68

% Specify motor parameters and motor type
mt_max_torque=163;

limit=0.67;
m_max_torque=mt_max_torque*limit;

m_max_speed=8000;
im8000;

% Specify Battery details and initial soc (%)
battery_mass=320;

initial_soc=100;

ev2_13;

% Specify driver details; gain and reset time (when used)
K_driver=0.5;
T_i=30;

% Specify Hyundai Accent 1.3 engine parameters
vel_1_2=15.0;

vel_2 3=32.0;

vel_3_4=55.0;

vel_4_5=65;

ratio_1=3.462;
ratio_2=2.053;
ratio_3=1.370;
ratio_4=1.031;
ratio_5=0.838;
gearbox_eff=0.96;

% Specify engine parameters and motor type:
max_motor_speed=5500;

e_max_torque=117.95;
e_limit=0.80;



max_torque=e_max_torque*e_limit;
max_speed=5500;

idle_speed=1000;
idle_cons=0.165;
idle_c0=0.01534;
idle_hc=0.003769;
idle_nox=0.0003559;

comp_ratio=10;

crl=comp_ratio*0.1;

cril=comp_ratio*0.2;

crlli=comp_ratio*0.3;

cc=1341;
comp_torque=cc*(0.081*(cril-1)-(0.05*((crlll-1)/crl)));
act_map3;

%Hybrid mode parameters
t_max_torque=max_torque+m_max_torque;

t_max_speed=5500;

t_speed=0:t_max_speed/11:t_max_speed;

t_torque=0:t_max_torque/10:t_max_torque;

im_torque_limit=[1.0 1.0 1.0 1.0 1.0 0.8754 0.7284 0.6243 0.5463 0.4856 0.4370 0.3973]
t_torque_limit=[((im_torque_limit*m_max_torque)+(torque_limit*max_torque))/t_max_torque]

t_full_torque=t_torque_limit*t_max_torque;

%Specify whether fuel cut off valve is present: YES=0 NO=-1000
fco=-1000; .

% Specify engine controller parameters
switching_speed=52; % switching speed from motor to engine

max_throttie=0.83; % throttle opening limitation
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