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Abstract
Hybrid vehicles have attracted tremendous attention during the last years.
Increasing environmental concern and a steady increase in fuel prices are key
factors for the growing interest. Hybrid vehicles, which benefits from having
at least two different energy converters and two different energy storage
systems, have proven to have significant potential to improve fuel economy
without reducing the performance of the vehicle. However, the extra degree
of freedom inherited by the use of two energy sources on-board the vehicle,
gives rise to a more complicated energy management control.
The first part of the thesis treats the subject of energy management in hybrid
electrical vehicles. The gain in fuel consumption and the minimization of
emissions are highly dependent on the performance of the control strategy. A
rather simple heuristic control strategy presented in the literature is
optimized. Heuristic control strategies are often referred to as hard to tune,
and none optimal. However, the result presented in the thesis shows that the
strategy is easily tuned, robust and has no significant cycle-beating trait.
Dynamic programming is used to obtain a global optimal solution to the
control problem. The result of this global optimization is then used as a basis
for evaluating the real-time heuristic control strategy and serves as a lower
bound for the fuel consumption for a given cycle. A comparison of fuel
consumption for the two control strategies shows that, though being quite
simple, the heuristic control strategy gives a relatively near-optimal result.
The second part of the thesis is devoted to the development of an electrically
driven rear axle for a HEV in collaboration with SAAB Automobile. A rear
drive unit, consisting of an electrical machine, planetary gear and a
differential, was provided by SAAB. Focus is on control and thermal
modeling of the electrical machine. A simple and effective field weakening
controller, giving fast field weakening performance is proposed. The fast field
weakening performance is important in a HEV since the battery voltage
undergoes rapid variations, during accelerations. In addition to this, the FWC
minimizes the torque-per-current ratio by, for a given torque, using the
current combination yielding the minimal stator current. In addition to this,
a thermal model based on several thermal measurements is proposed and
validated against data. The thermal model forms the basis for the derivation
of an over temperature controller, preventing the machine from over heating.
iii
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Chapter 1
Introduction
1.1

Motivation

Hybrid vehicles have attracted tremendous attention during the last few years.
This is a consequence of several factors, such as growing environmental
concerns, increasing oil prices and a need of oil independency. According to
some, we are rapidly approaching the top of the oil era. If this is true, the
diminishing availability of crude oil will escalate the already high fossil fuel
prices. Many countries, there among Sweden, have declared national actions
plans to reduce the oil consumption significantly. The background of the
desired reduction in oil use, differ between countries, but the two main
concerns are the environmental effects and the wish for independency of oil
import. Whatever the concern is, economical, independency or
environmental, how does hybrid vehicles fit in this context?
Hybrid vehicles have proven to have significant potential to improve fuel
economy without reducing the performance of the vehicle. Keeping or even
enhancing, which often is the case, the drivability is an important issue in
order to reach customer acceptance. Except for gains in the fuel economy,
hybrid vehicles have also demonstrated potential for reducing exhaust
emissions. Most hybrid vehicles on the market today, are hybrid electric
vehicles (HEV) with an internal combustion engine (ICE) and at least one
electrical machine. Toyota was the first major automaker to introduce a
commercial vehicle, the Toyota Prius. The commercialization in the recent
years has mainly been possible due to advances in the battery and power
electronics technologies. The HEVs mainly benefit from the following;
down-sizing or “right”-sizing of the engine, still fulfilling the power
demanded from the driver, recovering energy during deceleration by
operating the electrical machine as a generator, eliminating the fuel
consumption originating from engine idling by shutting the ICE off and
1
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operating the ICE more efficiently, since an extra degree of freedom is
available to satisfy the power demand.
With this background given, it is clear why almost all car manufactures are
developing HEVs today. This thesis is based on experiences from the
development of a HEV as a part of a cooperation between SAAB Automobile
and Lund University.

1.2

Objectives

Optimization of a rather simple heuristic control strategy, without adding to
much complexity. In addition to this, determine the “the degree of
optimality” of the heuristic control strategy by comparing it to an optimal
control strategy obtained with global optimization. The global solution to the
HEV energy management control problem is determined with Dynamic
Programming.
Develop and commission an electrically driven rear-axle for a hybrid car,
focusing on control and modeling. This includes the development and
implementation of a field weakening controller for control of the electrical
drive. Furthermore, develop a thermal model of the machine, which will serve
as a basis for the development of an over temperature controller.

1.3

Outline of the Thesis

The thesis is divided into two parts, where the first part is devoted to energy
management strategies in HEVs and the second part presents the
implementation and validation of a electrically driven rear-axle for hybrid car.
Chapter 2 introduces different hybrid topologies and gives a short summary
of their advantages and disadvantages. Chapter 3 contains models and data
for the different components of a reference vehicle. Chapter 4 gives a short
introduction to an heuristic energy management strategy, named Optimal
Engine Line Strategy. The importance of choosing the correct number of gears
and the individual gear ratios are discussed. Since the reference vehicle has
two electrical machines, the power split between these two are considered. In
the end of the chapter the choice of energy management controller
parameters, to achieve minimum fuel consumption, are discussed. Chapter 5
is devoted to dynamic programming to obtain an optimal control strategy,
which is used as a benchmark for the heuristic control strategy. In Chapter 6
conclusions regarding energy management are given. Chapter 7 introduces
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the components of a electrically driven rear-axle, called the rear drive unit
(RDU). It also contains a field weakening controller scheme. Chapter 8
presents a simple thermal model of the electrical machine used for the rearaxle. Experimental results are presented to validate the proposed thermal
model. In addition to this an over temperature controller is proposed. In
Chapter 9, conclusions regarding the RDU are presented. Chapter 10 gives
the concluding remarks and a summary of the findings is presented together
with suggestions for future work.

1.4

Contributions

The main contributions of the thesis can summarized as follows:
The choice of control parameters, in order to achieve minimal fuel
consumption, for a heuristic control strategy is discussed.
The importance of modifying standard components, such as the
gearbox, to adapt to the hybrid drivetrain is discussed.
A comparison of two different methods of splitting the electrical
power, when two electrical machines are used, is presented.
An optimal solution to the HEV control problem for a HEV,
obtained with Dynamic Programming, with two electrical machines
is presented.
A comparison of the optimal solution to the heuristic control strategy
is presented, where the optimal solution serves as benchmark.
A simple and effective type of field weakening controller, based on
measurements, is proposed.
A thermal model has been developed and validated against
measurements.
An over temperature controller, to prevent the electrical machine
from overheating, is proposed.

Part I
Energy Management in
Hybrid Electrical Vehicles

Chapter 2
Electrical Hybrid Vehicle
Topologies and Modeling
2.1

Hybrid vs. Conventional Vehicle

The first battery powered electric vehicle (EV) was built by Thomas
Davenport in 1834. However, it wasn’t until the 1970s that the development
of EVs really took place. The interest in EVs has its origin in the problems of
the internal combustion engine (ICE), such as high fuel consumption,
exhaust emissions and the increasing dependency of foreign oil. EVs are
considered as an alternative to ICE powered vehicles to reduce these
problems. EVs offer high energy efficiency, diversification of energy
resources, zero or minimal global exhaust emissions and quiet operation.
However, it has two major drawbacks – short driving range [1] and high
power requirements if rapid charging should be possible. The energy content
in a 100 kg lithium ion battery, which is the type of battery with the highest
specific energy on the market today, is only 15 % compared to a normal sized
fuel tank. This figure is calculated taking into account the significantly higher
mean efficiency of the electric drive system, which is in the vicinity of 80%
compared to 20% for the ICE. There is today a tremendous development of
traction batteries and the specific energy will most likely increase significantly
in the years to come. There is, however, one major obstacle with EVs, and
that is the “re-fueling”. Assume that there exists a battery with a storage
capacity of 100 kWh, which corresponds to a driving range of approximately
500 km. If the battery is to be charged in 6 minutes, i.e. a tenth of an hour,
the power needed is 1 MW. This power level is unacceptably high. One
solution to the high power requirements for re-fueling and short operating
range of the EVs, and the poor efficiency of the ICE powered vehicles is the
hybrid vehicle.

7
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There are many different definitions of a hybrid vehicle. In 2003, UN stated
the following definition for a hybrid vehicle [2].
“A hybrid vehicle is a vehicle with at least two different energy converters and two
different energy storage systems (on-board the vehicle) for the purpose of vehicle
propulsion”.
The hybrid electric vehicle (HEV), which is a subset of hybrid vehicles,
consists of either an internal combustion engine or a fuel cell as the primary
energy converter, also called the primary power unit (PPU), and at least one
electric machine as the secondary energy converter. The two energy storage
systems are consequently some kind of fuel tank and battery or super
capacitor.
The basic definition of a hybrid HEVs offers rapid refueling compared to
EVs, which have to recharge the traction batteries. This can take several
hours, depending on the size of the battery and the charging power. One
drawback of HEVs compared to EVs is the loss of the zero emission concept.
However, with a significantly large battery it is possible to operate the HEV
in an all-electric mode for considerable distances. The all-electric mode could
for instance be used in urban areas where exhaust pollutions affects a
significant amount of people. The HEVs on the market today has a rather
limited driving range in all-electric mode, only up to a few kilometers. It
should, however be mentioned that there are a lot of research and
development of a type of HEV called plug-in hybrid. The plug-in hybrids are
meant to be charged from an ordinary wall outlet and to have an all-electric
driving range of about 50 km. This driving range covers a significant amount
of the trips for an average car and will consequently decrease the fuel
consumption drastically. One drawback with all types of HEVs are the
increased cost, which is partly connected to the increased complexity of the
vehicle. This might be a barrier for the number of sold HEVs in the world.
However, manufacture costs will, according to [3], decrease significantly as
production volumes increases.
As was mentioned before, HEVs are a very promising technology for
improving fuel economy and reducing emissions. The two most important
features of the HEV contributing to a better fuel economy is a more efficient
operation of the ICE and regenerative breaking. The more efficient operation
of the ICE originates from the possibility to choose the working points of the
ICE more freely. This can be done due to the fact that the demanded power
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from the driver can be delivered not only by the ICE but also from the
electric drive system. When the power demand from the driver is low, the
HEV has the possibility to operate the ICE on a higher power, which implies
a higher efficiency. The extra energy generated can be stored in the energy
buffer for future use. Furthermore, the over all energy efficiency can be
significantly improved by operating the electrical machine as a generator
during deceleration of the vehicle. Instead of, as in a conventional car,
wasting the kinetic energy as heat in the mechanical brakes, the HEVs
capture some of this energy. The amount of energy that can be regenerated is
limited by the maximum power of the electric drive system and the state of
charge (SOC) of the battery. If the electric machine is unable to provide all of
the necessary brake torque, the mechanical brakes steps in.
Another benefit from hybridization of a vehicle is a feature called start/stop.
This feature saves energy by shutting of the ICE when the vehicle is at
standstill. Then when the gas pedal is pushed the ICE automatically starts. If
the power of the electric drive is high enough, the vehicle take-off can be
done all electric and the ICE can be left off until the power demand is too
high for the electric drive or the SOC is low. The ICE, can in a HEV, be
downsized and chosen to meet the average power demand. During heavy
loads, the electric drive system steps in and assists the ICE. This contributes
to a more efficient use of the ICE.

2.2

Hybrid Topologies

HEV:s are traditionally classified into two basic configurations, the series and
the parallel hybrid. There also exist configurations, which is a combination of
these two basic ones.
Series Hybrid Drivetrain
The development of the series hybrid drivetrain originates from the desire to
solve the problem with the short driving range of the EVs. The battery is
charged through a generator using a small ICE. A schematic picture of the
series hybrid drivetrain is shown in Figure 2.1.

10
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Figure 2.1 Series hybrid drivetrain.

The thermal energy stored in the tank is converted to mechanical energy in
the combustion engine. The mechanical energy is then transformed to electric
energy in the generator and stored in the electric energy buffer via a power
electronic converter. The electric energy is then transformed back to
mechanical energy via the electric traction motor and its associated power
electronic converter. The advantages and disadvantages of the series hybrid
powertrain are summarized in Table 2.1.
Table 2.1 Advantages and disadvantages of the series hybrid drivetrain [4].
Advantages

Disadvantages

Mechanical decoupling of the ICE and
wheels. Allows the ICE working point to
be chosen for high efficiency.
Simple speed control due to a single
torque source connected to the wheels.
Using an electric machine as the only
torque source eliminates the need for a
multi gear transmission.
Simple packaging as the ICE and the
generator can be mounted separately
from the traction motor.

Requires a large traction motor as it is
the only torque source. Has to be
designed for peak power.
The many energy conversion leads to a
low overall system efficiency.
Needs two electric machines and two sets
of power electronics.

The series hybrid is not suitable for high way traffic due to the many energy
conversions. However, in urban traffic it can be made very efficient with the
proper control. In addition, the packaging advantages make the series hybrid
drivetrain suitable for heavy vehicles, such as commercial buses and military
vehicles.

2.2. Hybrid Topologies
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Parallel Hybrid Drivetrain
The parallel hybrid drivetrain consists of an ICE and at least one electric
machine, which are both mechanically connected to the wheels as shown in
Figure 2.2.

Figure 2.2 Parallel hybrid drivetrain.

The electric motor can be connected to the drivetrain in several different ways
and can be located anywhere along the transmission. The mechanical
coupling can be a gearbox, a belt or the rotor of the electrical machine being a
part of the shaft, which is the case in Figure 2.2. The basic operation of the
parallel hybrid is that the speed of the ICE is chosen with the gearbox in
order to keep the engine speed within its limits. The electric machine can
then be used to add or subtract torque to the engine torque in order to
achieve a high ICE efficiency. The electric machine can also be used during
regeneration to charge the energy storage. In some configurations, where the
ICE can be disengaged from the drivetrain, the vehicle can be run in pure
electric mode. The advantages and disadvantages of the parallel hybrid are
summarized in Table 2.2 [4].

12

Chapter 2. Introduction

Table 2.2 Advantages and disadvantages of the parallel hybrid drivetrain.
Advantages

Disadvantages

Both the engine and the motor are
connected directly to the wheels, which
leads to fewer energy conversions.
Compact configuration and no need for
a generator
Can use a smaller battery pack and a
smaller traction motor.

The mechanical coupling of the ICE to
the wheels leads to a more limited choice
of operating points.

The major advantage of the parallel hybrid compared to the series hybrid is
that the ICE is directly coupled to the wheels. This eliminates the inefficiency
of converting mechanical power to electricity and back. Unlike the series
hybrids, this makes the parallel hybrid drivetrains suitable for highway traffic.
However, the mechanical coupling is also a drawback of the parallel
configuration, since the ICE is to some extent forced to follow the power
request. This is, however, not a major problem, since a gearbox is normally
used and the operating point of the ICE can thereby be varied. The
compactness of the parallel hybrid drivetrain and the fact that it can be used
both for city- and highway traffic makes it suitable for both small and heavy
vehicles.
Series-Parallel Hybrid Drivetrain
The series-parallel hybrid drivetrain, also known as the power split hybrid
(PSH), is a configuration intended to combine the advantages of the series
and the parallel configuration. The configuration consists of one ICE and two
electric machines as seen in Figure 2.3.
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Figure 2.3 Series-parallel hybrid drivetrain.

A planetary gear set is used to connect the electric machines and the ICE.
The first electric machine, often referred to as the generator, is connected to
the sun wheel, the ICE is connected to the planet carrier and the second
electric machine, often referred to as the traction motor, is connected to the
ring wheel. The generator is used to adjust the speed of the ICE, while the
task of the traction motor is to adjust the torque. Thus, the operating point of
the ICE can be continuously varied by the electric machines. The planetary
gear, together with the electrical machines, work as a continuously variable
transmission (CVT). The difference between a CVT and an ordinary
transmission is that the CVT can vary the ratio continuously, while the
ordinary transmission has discrete steps for each gear. One drawback with this
configuration is that the generator has to be designed to meet the peak torque
of the ICE. One other drawback is that, if the generator or the power
electronics controlling it malfunctions, the vehicle will not move at all. In the
case with the parallel configuration, the vehicle can still be propelled by the
ICE.

Chapter 3
Reference Vehicle and Modeling of
Vehicle Components
Simulation of hybrid vehicles includes many different kinds of components.
Hence, the models of the respective components have to be relatively simple
in order to keep simulation times within reasonable limits. However, the
simplified models still have to be able to describe the general behavior of their
physical counterpart.

3.1

Background

In the spring of 2004 cooperation between SAAB Automobile and Lund
University (LU) was started in order to build a hybrid electrical vehicle. The
project was given the name “MHD-II-project”. The goals of the project can
be divided into two main parts; pure technical performance goals and
knowledge enhancement goals. The performance goals were stated by SAAB
Automoblie and served as input to LU. The performance goals is summarized
below
•

Fuel consumption reduction > 25%

•

Acceleration time, 0 –100 km/h < 8,5s

•

Acceleration time, 80 – 120 km/h < 8,0s

•

Maximum speed > 200km/h

•

Emission levels equal to or lower than today’s levels (Miljöklass 1),
preferably lower than EURO V.
15
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Vehicle Configuration

The vehicle model used in this thesis is based on data from a conventional
SAAB 9-3. The vehicle configuration can be seen in Figure 3.1.

Figure 3.1 Reference vehicle drivetrain configuration.

Data for the different vehicle components are provided by SAAB Automobile
and presented in detail in the following sections. The configuration is clearly
of the parallel type. It has as its PPU an ICE, which is a four-stroke (4S) spark
ignited (SI) engine with four cylinders and a turbo. The vehicle is also
equipped with two electrical machines, which are of different sizes and power
ratings.
The smaller electrical machine is mounted between the ICE and the gearbox.
The machine acts as a replacement for the flywheel and is operated as an
alternator/starter. This type of configuration is commonly referred to as a
flywheel alternator starter (FAS). The clutch between the FAS and the
gearbox is used to disengage the engine during gear shifting and in electrical
operation. The FAS is powered by a 42 V battery and its accompanying
power electronics. This power electronics is in its turn connected to a
DC/DC-converter. This DC/DC converter acts as a bidirectional energy
transfer device, i.e. it can transfer energy between the 42 V and the 300 V
batteries in both directions. The battery management unit (BMU) keeps
track of the state of charge (SOC) of all the individual battery modules of the
300 V battery and redistributes the energy between the modules. This is an
important feature for maximizing the lifetime of the traction battery.
The 300V battery powers the second electrical machine, which is mounted

3.3. Chassis Model
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on the rear axle. The electrical machine is one constituent part of what is
called the rear drive unit (RDU). This electric machine will be referred to as
the RDU throughout the thesis, even though it also consists of a differential
and a planetary gear. The planetary gear is required to accomplish a high
wheel torque. The gear ratio of the planetary gear, RRDU, is 6,1. In a vehicle
with a transverse engine, there is not much room for squeezing in an electrical
machine. The power rating of the machine is consequently limited due to the
lack of space, since the physical size of the electrical machine is proportional
to its power rating. Thus, one simple way to increase the electrical power onboard the vehicle, is to add an electrically driven rear-axle. The benefit of this,
except for more installed power, is that the vehicle will be four-wheel driven
without the need of a propeller shaft. The RDU and its power electronics are
studied more in Part II of the thesis.

3.3

Chassis Model

A vehicle is exposed to many different forces acting in all three dimensions.
However, to study different hybrid control strategies only a simple
longitudinal model is needed. Thus, vehicle stability will not be considered in
this one dimensional model. A vehicle that is moving up a grade is exposed to
a resistance force. The change in vehicle speed can, according to Newton’s
second law of motion, be calculated as

mv

dv
= Ft − Fr
dt

(3.1)

where v is the vehicle speed, Ft is the tractive force, Fr is the resistance forces
and mv is the vehicle mass. The resistance force consists of three different
parts: tire rolling resistance, aerodynamic drag resistance and the uphill
resistance. The total resistance force, Fr, can be expressed as [6]

Fr = C r mv g cos(γ ) +

1
ρ a C d Av v 2 + mv g sin (γ )
2

(3.2)

where Cr is the rolling resistance coefficient, γ is the road angle, ρa is the air
density, Cd is the aerodynamic drag coefficient, Av is the vehicle front area and
g is the acceleration of gravity . All of the above mentioned vehicle parameters
are presented in Table 3.1.

18
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Table 3.1 Vehicle parameters.
Parameter
mv
Cd
Cr

ρa

Av
rw
g

Value
1770 kg
0.297
0.0118
1.225 kg/m3
2.16 m2
0.308 m
9.82 N/kq

The road angle is set to zero throughout the thesis, which simplifies Equation
(3.2) above. The reason for this is that the driving cycles used in the
simulations, see Appendix C, do not contain any information about the road
inclination.

3.4

Internal Combustion Engine

The internal combustion engine is a very complex device and consequently
some kind of simplified model has to be used. The efficiency of the ICE can
in stationary operation be measured for the whole range of possible operating
points and stored as an efficiency map. This is often referred to as a “quasistatic” assumption, where the ICE fuel consumption at any instant in time is
a static function of engine speed and engine torque. It should be noted that
the “quasi-static”-assumption is only valid for normal operation temperatures
[5]. Figure 3.2 shows the efficiency map for the ICE used in this thesis. The
ICE is a SI-engine with four cylinder and its basic data is presented in Table
3.2.
Table 3.2 ICE specifications.
Parameter
Displacement:
Max. power:
Max. power speed:
Max. torque:
Max. torque speed:

Value
2.0 liter
128 kW
5500 rpm
265 Nm
2500 – 3500 rpm

In dynamic operation of the ICE there will be physical phenomena causing
the transient efficiency diverging from the stationary map. One simplification
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that is often used is to assume that ICE is operated in stationary operation,
which can be considered true if the dynamics of the ICE is limited to around
1 s [7]. Slowing down the dynamics of the ICE is mainly desirable in order to
decrease the emissions coupled to the transient operation. This can, in a
HEV, be achieved by letting the electrical machine deal with the power
transients.

Figure 3.2 ICE efficiency as a function of engine speed and torque. The black solid
line represents the maximum engine torque as a function of speed and
the dashed line represent the maximum efficiency for all different power
levels..

Figure 3.2 shows, as has been mentioned before, the ICE efficiency for
different combinations of ICE load torques and speeds. Also shown in the
figure is the maximum torque as a function of vehicle speed. The efficiency
varies significantly with the current operating point. As the torque is
increased for a fixed engine speed, the efficiency increases. That is mainly due
to the throttle being more open, which results in a higher inlet pressure and
consequently lower pumping losses. A wide-open throttle indicates high
power and the percentage of the losses to the total power becomes small.

3.5

Electrical Machines

The two electrical machines used in the hybrid vehicle are of the type interior
permanent magnet synchronous machines (IPMSM). The reason for using
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this type of machine is that it has high efficiency and high power density,
requires low maintenance and is relatively easy to control [8]. All this together
makes the PMSM a competitive choice when it comes to tractive
applications. However, it has its drawbacks, such as relatively low efficiency
for high speeds, due to the demagnetizing current needed for field weakening,
and having expensive permanent magnets as the source of magnetic flux.
Another drawback is that it has a low speed ratio, i.e. low ratio between the
maximum speed and the base speed, which is disadvantageous for vehicle
acceleration compared to electrical machine power. Data for the two electric
machines are presented in Table 3.3.
Table 3.3 Electrical machine specifications.
Parameter
Continuous power
Continuous torque
Intermittent power
Intermittent torque
Pole number
Base speed
Rated voltage

FAS
Value
7 kW
40 Nm
12 kW
120 Nm
32
1700 rpm
42 V

RDU
Value
18 kW
50 Nm
36 kW
90 Nm
8
4100 rpm
300 V

The electrical machines are modeled as efficiency maps with torque and speed
as input and efficiency as output. Figure 3.3 shows the efficiency maps for the
two electrical machines both for motor and generator operation. It also shows
the maximum and minimum torque as functions of speed.

Figure 3.3 Electrical machine efficiency for the FAS (left) and RDU (right).
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Figure 3.3 shows that the efficiency differs significantly depending on
operating point. Copper losses are dominant for low speeds and are highly
dependent on the torque level. As speed increases, the core losses increase and
eventually become predominant at high speeds. The copper losses also
increase at high speeds due to the increase in demagnetizing current needed
for flux weakening. It should be mentioned that the losses of the power
electronic converter connected to the FAS is included in the efficiency map
presented in Figure 3.3.

3.6

Battery

The vehicle is equipped with two different batteries, one low voltage (42 V)
and one high voltage (300 V) battery connected to the FAS and the RDU,
respectively. The low voltage battery will not be included in the simulation
model. Hence, it will be assumed that the FAS is connected to the high
voltage battery. This can be considered a reasonable simplification since the
purpose of the simulation model is to study overall energy management
strategies rather than the utilization of the batteries. Another justification is
that it is normally desirable to have as few voltage levels in the vehicle as
possible.
The purpose of the battery in a hybrid vehicle is to store and supply energy.
There exists many different types of batteries. However, there are only a few
types that are suitable for tractive applications. Four different parameters are
important to consider when a battery is to be chosen, i.e. the energy density,
power density, cycle life and cost. The traction battery used in the hybrid
vehicle studied here is a Nickel-Metal Hydride (NiMH) battery, which is a
battery type that is a good compromise between these four parameters. The
basic data for the battery is given in Table 3.4.
Table 3.4 Traction battery specification.
Parameter
Cell voltage
Series cell resistance (25°C)
Number of cells in series
Rated voltage
Power capacity
Energy capacity
Weight

Value
1,2 V
2,1 mΩ
252
302 V
30 kW
1.8 kWh
55 kg (80 kg)
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A simple simulation model of the battery, based on the data presented in
Table 3.4 and additional measurements, is derived in Appendix A. The main
result is an efficiency map, presented in Figure 3.4 with the terminal power,
Pterm, and state of charge (SOC) as inputs.

Figure 3.4 Battery efficiency as a function of terminal power, Pterm, and SOC.

Figure 3.4 shows that the efficiency is highly dependent on the terminal
power, whereas for the SOC the dependency is almost negligible. The
difference in efficiency between 60% and 80% SOC is only 2%. Hence, the
battery efficiency will be considered to only be a function of Pterm. The
variation of the efficiency, for all SOC levels are henceforth assumed to be
equal to the efficiency variation obtained with the SOC equal to 70%.

3.7

Gearbox

The main objective of the gearbox, irrespective of the type of transmission, is
to keep the engine speed and torque within its operating area regardless of the
speed and torque requirements at the wheels. This adaptation of speed is
accomplished in different ways for a manual and an automatic transmission.
The manual transmission is based on engaging various gear combinations to
the output shaft in order to achieve different gear ratios. The automatic
gearbox however, uses bands, clutches and a torque converter to achieve the
same gear ratios [7]. The torque converter can increase the torque from the

3.8. Power Electronics
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engine about two times when the engine is turning much faster than the
transmission. Hence, this torque boost normally occurs during take-off. The
major disadvantage of the automatic transmission is its relatively low
efficiency compared to a manual transmission. The low efficiency is a
consequence of two things, slip in the torque converter and pumping losses
originating from an oil pump in the gearbox. Therefore, an automatic
transmission seldom has an efficiency over 90 %, compared to a manual
transmission, which normally has an efficiency over 96%.
The gearbox in the reference vehicle is a 6-speed automatic transmission.
However, the gearbox will be modeled as a robotized manual transmission,
which will result in a loss of the torque boosting effect from the torque
converter. The efficiency of the modeled transmission is set to a fixed value of
90%, to correspond to the automatic transmission. The transmission gear
ratios and the final drive ratio (FDR) are given in Table 3.5.
Table 3.5 Transmission gear ratios and final drive ratio.
Gear
1:st
2:nd
3:rd
4:th
5:th
6:th
Reverse
FDR

Ratio
3.79
2.04
1.33
0.95
0.76
0.62
3.57
3.54

The optimal number of gears and their individual gear ratio will be discussed
in Chapter 4.2. It will be shown that it is of vital importance for the proposed
energy management strategy that the gear ratios are chosen properly in order
to achieve minimal fuel consumption.

3.8

Power Electronics

Power electronics are an important part of a hybrid vehicle since it controls
the speed and the torque of the electrical machines. It also serves as an
interface between the DC-side of the battery and the AC-side of the electrical
machine. This type of power electronics, where there is a DC- and an ACside and the power flow is bidirectional, is usually referred to as switch-mode
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DC-to-AC converter.
As for all of the other components described in this chapter, the power
electronics prove to have losses. The losses mainly originate from the
switchings associated with the pulse width modulation (PWM). During
commutations, when the power electronic switch changes state from on to off
and vice versa, there is a short period of time where the switching device is
exposed to both high voltage and high current at the same time. This results
in high power dissipation in the switch device during turn-on and turn-off.
The switching devices also have conduction losses due to a small voltage drop
in the on-state. So the losses depend on many parameters, current, voltage,
switching times and switching frequency to mention a few [9]. However, the
mean efficiency of the power electronic converters are high and setting the
efficiency to a fixed value of 97% is a reasonable simplification [7].
Hence, the efficiency for the power electronic converter connected to the
RDU is set to 97%. The efficiency for the converter connected to the FAS is
included in the efficiency map presented in Figure 3.3.

3.9

Simulation Model

All of the vehicle components, such as the ICE, FAS, RDU, transmission and
battery, described in the preceding sections have been implemented in
Simulink/Matlab, together with road and driver models. Figure 3.5 shows the
top level of the simulation model.
The simulation model also contains to control blocks, the power flow
controller and brake controller. The power flow block handles the demanded
torque from the driver and manages the power split for the three different
torque sources, i.e. the ICE, FAS and RDU. This block also contains a SOC
controller, which keeps the SOC within pre-defined limits. The brake
controller block controls the use of the mechanical brakes. The mechanical
brakes are only used if the electrical machines are unable to deliver the
braking force commanded by the driver or if the battery is unable to store the
breaking energy.

3.9. Simulation Model

Figure 3.5 Top level of the simulation model for the reference vehicle.
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Chapter 4
Optimal Operating Line Strategy
An HEV has, apart from the ICE, at least one additional source of power
available for vehicle propulsion. The control of these power sources is
managed by an energy management controller and its associated energy
control strategy. The control strategy has several different objectives, where
the primary ones usually aim to minimize the fuel consumption and
emissions. The control objectives are achieved by instantaneous management
of the power split between the power sources. This power split is crucial for
the overall performance of the HEV system. Apart from achieving a high fuel
economy and minimizing the emissions, the strategy must maintain the
driveability or preferably enhance it. One peculiarity with this type of control
problem is that the control actions are local in time, whereas the control
objectives, such as fuel consumption, emissions per distance and SOC of the
battery, are integral [10]. Many different control strategies have been
proposed and they can be classified into two different classes. The first one is
real-time algorithms that can be used for real time control. This first class of
control algorithms is normally developed using two different types of
techniques, parameter-tuning techniques such as rules ([11]) or fuzzy logic
([12]) and static optimization techniques ([10],[13]). The static optimization
method is commonly based on translating the instantaneous use of electrical
energy into fuel energy in order to calculate the overall fuel cost. The second
class of control algorithms is global optimization techniques that rely on the
driving cycle being known in advance. This second class is often used as a
benchmark and for evaluation of the first class of algorithms. These control
techniques are horizon based and two different techniques are used, such as
dynamic programming (DP) ([14],[15]) and optimal control theory ([16]).
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4.1

Optimal Engine Operating Line Strategy

Control strategies based on parameter-tuning techniques, often referred to as
heuristic control strategies, are simple, easy-to-use and robust. Heuristic
control strategies are also significantly less computational burdensome,
compared to the horizon based strategies. One example of a heuristic control
strategy is the load following strategy presented in [18], here referred to as the
optimal operating line strategy. A short description of the basic idea behind
the strategy will be presented in this chapter. The term load following referrers
to the operation of the PPU, where its task is to follow the drivers power
demand. However, the dynamics of the PPU are limited in order to avoid
rapid transients, which result in high emission levels [18]. To maintain the
driveability, the electrical machines steps in and takes care of the rapid
transient. Hence, the requested power is consequently split between the ICE
and the electrical machines, and the PPU is in reality only partially load
following. The statement of the instantaneous power split between the ICE
and the electrical machines can be summarized in the following equation
*
(t ) = PICE (t ) + PEM (t )
Pwh
*

(4.1)

where P wh is the power demand from the driver and PICE and PEM is the ICE
power and the total electrical machine power, respectively. In order to slow
down the dynamics of the ICE a simple low pass filter, with the time constant
τICE, is used. The time constant τICE is a design parameter, that affects the
utilization of the ICE and consequently the battery, since Equation (4.1)
must hold. How τICE should be chosen, in order to achieve the best fuel
consumption will be discussed in Chapter 4.4. The power level of the ICE
can be achieved by several different combinations of engine torque and speed.
However, for every power level, there is one combination of torque and speed
that gives the highest ICE efficiency. The basic function of the strategy is to
chose operating points along this line to achieve a high mean ICE efficiency.
This is were the name, optimal engine operating line strategy, originates
from. These combinations are represented as a line in Figure 3.2. These
torque and speed combinations are pre-computed and stored in a look-up
table (LUT). Equation (4.2) below shows how the torque and speed reference
for the ICE is computed.

4.1. Optimal Engine Operating Line Strategy

(

29

)

*
*
(t ) = LUTICE PICE
(t )
TICE
*
(t ) =
ω ICE

*
ICE
*
ICE

P
T

(t )
(t )

(4.2)

where T ICE and ω ICE is the ICE torque and speed reference, respectively.
LUTICE is the pre-computed look-up table converting the ICE power
reference into a torque reference. A gearbox is used to set the engine speed.
The reference speed for the ICE is known from Equation (4.2) and the
vehicle speed is known from the driving cycle, the ideal ratio can be
computed according to Equation (4.3).
*

*

Rideal (t ) =

*
(t )
ω ICE
ω wh (t )

(4.3)

Rideal is the ideal gear ratio and ωwh.is the wheel speed. The gear with the ratio
closest to the ideal ratio is chosen. The outcome of choosing gear in this
manner is that the ICE operating points will be chosen close to the optimal
engine operating line. Since the gearbox only has a discrete set of gear ratios,
the ideal ratio and the ratio of the chosen gear will differ. The choice of gear
and new operating point can be computed as

i(t ) = min ( Ri (t ) − Rideal (t ) )
i

*
(t ) =
TICE
new
*
ω ICE

new

*
(t )
Twh
Ri (t )

(4.4)

*
(t ) = ω ICE
(t )Ri (t )

The parameter i is the number of the chosen gear and Ri is its associated gear
*
*
ratio. T ICEnew and ω ICEnew is the torque and speed of the engine after selecting a
suitable gear. The difference of the optimal and the achieved operating point
inherited by the discrete set of gear ratios, implies that the overall
performance of the control strategy is dependent, not only on the individual
gear ratios, but also on the number of gears. This issue will be discussed
further in Chapter 4.2.
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The mean efficiency of the ICE can be improved by simply not allowing the
ICE to be operated if the efficiency is to low. This is typically the case in
urban driving where the power requirements are low. However, the power
demand must still be met and the electrical machines will have to supply the
tractive power needed. This is summarized in the following equation.
*
⎧ PICE
(t ) = 0
*
*
(t ), ω ICE
(t )) < η ICEoff
, η ICE (TICE
⎨ *
*
new
new
⎩ PEM (t ) = Pwh (t )

(4.5)

The efficiency level where the ICE should be turned off, ηICEoff, is a design
parameter. The choice of this level will be discussed in Chapter 4.4. Hence,
the electrical machines are used both for relieving the ICE from rapid
transients as well as low efficiency operation. They are also be used to support
the ICE during heavy accelerations and to regenerate energy during
deceleration of the vehicle. In addition to the power split between the ICE
and electrical machines, the split between the front and rear electrical
machines has to be considered. This can be done in different ways and will be
discussed in Chapter 4.3.
Extensive use of the electrical machines will result in a depletion of the
battery. This is avoided by adding a controller that keeps the SOC of the
battery close to a reference value. The reference value for the SOC is here set
to 70%, which allows the battery to be charged during decelerations of the
vehicle and discharged without reaching to low charge levels. The SOCcontroller is implemented as a simple P-controller with the gain kSOC. It
should be pointed out, that this type of SOC control is very simple and more
sophisticated ones have been presented in the literature [19], [20]. The power
used to charge the battery has to be produced by the ICE. Hence, the ICE
has to produce the tractive power as well as account for the SOC charging
power, yielding the following relation for the ICE power

PICE (t ) =

(

(

1
*
Pwh
(t ) + k SOC SOC * − SOC (t )
1 + pτ ICE

))

(4.6)

where p is the differential operator. The relation for the electrical machine
power is given by combining Equation (4.1) and Equation (4.6).
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PEM (t ) =

pτ ICE
1 + pτ ICE
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⎛ *
k
⎜⎜ Pwh (t ) − SOC SOC * − SOC (t )
pτ ICE
⎝

(

)⎞⎟⎟
⎠

(4.7)

The SOC of the battery can be computed as the time integral of the power
either charging or discharging the battery, see Appendix A for a complete
derivation of the battery model. This statement together with Equation (4.7)
results in the following equation for the dynamics of the SOC

SOC (t ) =

τ ICE
1 + pτ ICE

⎛ k SOC
⎞
*
⎜⎜
(t )⎟⎟
SOC * − SOC (t ) − Pwh
⎝ τ ICE p
⎠

(

)

(4.8)

In order for the control loop to be stable, the open loop transfer function has
to be stable. This is achieved by correctly choosing kSOC with respect to τICE.
Depending on the desired relative damping of the control loop, kSOC should
be chosen according to

k SOC =

Wbat
− sign ( PEM )
4ς η batη EM
τ ICE
2

(4.9)

where Wbat is the specific energy of the battery, ηbat is the efficiency of the
battery, ηEM is the efficiency of the electrical machine and ζ is the relative
damping of the open loop transfer function. A complete derivation of kSOC is
carried out in Appendix B. The choice of τICE and the relative damping will be
further investigated in Chapter 4.4.

4.2

Number of Gears and Gear Ratios

The importance of using the correct number of gears as well as the correct
gear ratios was mentioned in the previous chapter and will here be further
discussed. Since low costs are of great importance for car manufactures, it is
not an inconceivable guess that they will use standard components, developed
for conventional cars, in their hybrid vehicles. One example of this is to,
without any modifications, use a standard gearbox in a hybrid application.
Two simulations of the vehicle described in Chapter 3, with the gearbox
changed to a 5-speed gearbox, has been carried out. Figure 4.1 shows the ICE
working points for a standard 5-speed gearbox and for a 5-speed gearbox with
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the gear ratios optimized for minimal fuel consumption. The optimization
procedure has been carried out as proposed by [17].

Figure 4.1 Operation of the ICE for a 5-speed gearbox of standard type (a) and of
optimized type (b).

Figure 4.1(a) shows that the ICE working points are not concentrated around
the optimal engine operating line. Thus, one of the basic ideas behind the

4.2. Number of Gears and Gear Ratios
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control strategy is not fulfilled and the control objective, high fuel economy,
is consequently not reached. The result of the optimization can clearly be
seen in Figure 4.1(b), where the operating points are moved closer to the
optimal operating line. The fuel consumption is reduced from 0.669 l/10km
to 0.580 l/10km for the combined driving cycle, see Appendix C. This
corresponds to a decrease of 13%. This is a significant reduction, showing
that care should be taken when standard components are used.
The optimization algorithm used to derive the optimal gear ratios for the 5speed gearbox has also been used to optimize the 6-speed gearbox presented
in Table 3.5. The optimization method is based on a Matlab function called
fminsearch, which is a part of the Optimization toolbox. This routine finds
the minimum of an unconstrained nonlinear multivariable function, using a
derivative-free method. However, the routine does not guarantee that a global
minimum is obtained. Thus, to minimize the probability of ending up in
local minimum, several different initial guesses have been tested. All of the
initial guesses have ended up in the same values for the optimized gear ratios,
which indicates that a global minimum has been found. The result of
applying the optimization algorithm to the gear ratios is presented in Table
4.1. It should be pointed out that the FDR is included in the presented
values.
Table 4.1 Gear ratios and fuel consumption for standard and optimized 5- and 6speed gearbox. The FDR is included in the presented gear ratios.

1

2

3

4

5

6

Fuel
consumptiom
[l/10km]

15.6

8.5

5.2

4.0

3.2

X

0.669

17.2

5.9

4.7

2.6

1.5

X

0.580

13.4

7.2

4.7

3.4

2.7

2.2

0.596

17.8

8.3

5.6

3.4

2.1

1.3

0.563

Gear number
Standard
5-speed
gearbox
Optimized
5-speed
gearbox
Standard
6-speed
gearbox
Optimized
6-speed
gearbox
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The decrease in fuel consumption for the 6-speed gearbox is not as evident as
for the 5-speed gearbox, the decrease in this case is only 6%. The reason for
this is mainly due to the 6-speed gearbox having a lower gear ratio for the
highest gear, resulting in operating points, during the highway part of the
driving cycle, closer to the optimal operating line.
The importance of having the correct gear ratios has been discussed and one
solution to achieve almost perfect following of the optimal operating line is to
use a continuously variable transmission (CVT). Since a CVT has, between
its highest and lowest ratio, an infinite number of gear ratios, the obtained
ratio would be equal to the ideal ratio, i.e. the reference ratio set by the
control strategy. There are however two drawbacks of the CVT. The first one
is that the torque handling capability is limited by the belt or chain used in
the construction. Hence, the uses of CVTs are limited to low powered
vehicles. The second one is the inability of quick gear changes. One way to
approach the advantages of the CVT and at the same time avoid its
drawbacks, is to use an automatic transmission with a high a number of gears.
The simulations shows that the gain in fuel consumption, when increasing
the number of gears from 5 to 6 is relatively small, under the assumption that
the gear ratios have been optimized. Hence, there is little to gain from using a
CVT or numerous gears, in the cause of minimizing the fuel consumption.
It has been shown that the gear ratios can be chosen to achieve low fuel
consumption. However, this is not the only factor that should be considered.
Another important factor is the drivability, which probably is equally, if not
more, important from a costumer point of view. Figure 4.2(a) shows the
relative change in acceleration for a conventional vehicle similar to the
reference vehicle, when the standard ratios for the 6-speed gearbox are
optimized. It can be seen that the acceleration performance is significantly
decreased for the fifth and sixth gear. This would not be acceptable in a
commercial vehicle.

Acceleration change [%]

Acceleration change [%]
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Figure 4.2 Relative acceleration change when the gear ratios of the 6-speed gearbox
is changed from the standard values to the optimized ones for
conventional vehicle (a) and hybrid vehicle (b), respectively.

The relative change of the acceleration for the conventional vehicle compared
to the hybrid reference vehicle, with optimized gear ratios, is shown in Figure
4.2(b). The figure shows that, despite the lower gear ratios for the higher
gears, the hybrid vehicle has better acceleration performance for all gears.
Hence, the lower gear ratios are compensated by the additional torque from
the electrical machines. The drivability is not just kept it is significantly
improved. Table 4.2 shows, in addition to the results presented in Figure 4.2,
the acceleration performance from 0-100 km/h and 80-120 km/h.
Table 4.2 Acceleration times for 0-100km/h, 80-120km/h and 80-120km/h only
th
using the 5 gear.

6-speed standard
6-speed optimized

Acc. time,
0-100km/h [s]

Acc. time,
80-120km/h [s]

7.5
7.8

4.6
4.9

Acc. time,
80-120km/h
(5th gear) [s]
5.6
6.8

The results show that the acceleration goals presented in Chapter 3.1 are
accomplished, with both the standard and the optimized gearbox. It has been
assumed that a gearshift takes 650ms.
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4.3

Power Split Between Front and Rear Electrical
Machine

The main task of the control strategy is, as has been mentioned before, to
determine the optimal power split between the ICE and the electrical
machines in order to achieve high fuel economy. Since the reference vehicle
has two electrical machines, a split between these two has to be considered.
One way is to split the total requested electrical machine torque between the
machines with respect to the machines instantaneous torque capability [18].
This strategy will henceforth be referred to as the available torque strategy.
Equation (4.10) describes how the torque split is made.
*
(ω wh , Ri ) =
TFAS

T
*

*
RDU

*
TFASmax (ω wh , Ri )Ri
TEM
Ri TFAS max (ω wh , Ri )Ri + TRDU max (ω wh , R RDU )RRDU

*
TRDU max (ω wh , Ri )R RDU
(ω wh , Ri ) = TEM
R RDU TFASmax (ω wh , Ri )Ri + TRDU max (ω wh , R RDU )R RDU
*

(4.10)

T FAS and T RDU are the reference torques for the FAS and the RDU,
respectively. TFASmax and TRDUmax are the respective maximum torques according
to Figure 2.1. The instantaneous electrical machine torque is hence a scaled
version of the total electrical machine torque reference. The scaling is done by
considering each machines torque capability compared to the total available
electrical machine torque. The drawback of this strategy is that the electrical
torque is always split between the machines. If the torque were low, it would
be a better strategy to let one of the machines handle the torque request,
instead of imposing both machines to produce a part of the torque. One way
to avoid this problem is to pre-compute the best power split in advance, and
store the result in a look-up table. This can be done by considering all
possible total electrical machine torques and electrical machine speeds and
store the power split that generates the highest total electrical machine
efficiency. This strategy will in the following be referred to as the precomputed strategy. The total efficiency, nEMtot, can be expressed as
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PFAS
PFAS
n FAS
P n
= FAS FAS
PFAS

η EM =
tot

η EM

tot

+ PRDU
P
+ RDU
n RDU
+ PRDU n FAS
+ PRDU
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(motor)
(4.11)

(generator )

where PFAS and PRDU is the power for the FAS and RDU, respectively. The
efficiencies of the respective machine is denoted nFAS and nRDU. In order to
study how the torque is split between the two machines, the term power split
ratio (PSR) is used. The PSR is defined as the ratio between the FAS power
*
and the total requested electrical machine power, denoted P EM.

PSR =

PFAS
*
PEM

(4.12)

Three different modes can be distinguished, only the FAS is used (PSR=1),
only the RDU is used (PSR=0) and both of the machines are used
(0<PSR<1). Figure 4.3 shows the PSR, for the two power split methods, as a
*
function of the total requested electrical machine torque, T EM for the US06
driving cycle.
While the available torque strategy always operates in the power split mode,
the pre-computed strategy operates in all three modes, which can be seen in
Figure 4.3. The mean efficiencies for the FAS and the RDU, during the
combined driving cycle, have by using the pre-computed strategy, increased
from 65% to 74% and from 62% to 70%, respectively. The result of
operating the electrical machines more efficiently is a reduction in the fuel
consumption of about 4%. However, it should be pointed out that no
consideration has been taken to the vehicle stability. The power split of the
electrical machines would in a real vehicle be subordinated the stability
control system. Hence, the power split will be overruled by the stability
control system in some driving situations.
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Figure 4.3 PSR for the available torque strategy (a) and the pre-computed strategy
(b) as a function of total requested electrical machine torque..

4.4

Tuning of Control Parameters

The optimal engine operating line strategy has three control parameters, τICE,
kSOC and ηICEoff, which have to be determined in order for the control strategy
to work properly. The parameters can be given a value by intuition, but has
to be optimized in order to achieve the best possible fuel economy. In
Chapter 4.1, it was mentioned that τICE, slows down the dynamics of the ICE,
which results in lower emission levels. A good starting point for this
parameter is 1 s. The charging gain is then chosen according to Equation
(4.9), with the relative damping set to one. This results in none oscillatory
poles, for the SOC control loop. The last parameter is ηICEoff, which
determines at what efficiency level the ICE should be turned off. A high value
will result in high stress and high SOC deviations for the battery, where as a
low value will result in a lower average efficiency for the ICE. By studying the
efficiency map for the ICE, see Figure 3.2, a value of 29 % can be assumed to
be a good compromise. The control parameters will all have an effect on the
fuel consumption, and the influence of each parameter will be discussed in
the following sections. However, by only studying the influence of each
parameter separately will lead to a suboptimal solution. Hence, the last
section will be devoted to the search of a global optimal solution.
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It should be pointed out that, any difference in the final SOC at the end of
the driving cycle from the reference value of 70%, has been compensated for.
The deviation in the SOC is treated as an equivalent fuel consumption. A
positive SOC deviation is seen as fuel consumption reduction since the
vehicle could be run in electric mode on the excess battery charge, instead of
on the ICE . For the case with a negative SOC deviation, the equivalent fuel
consumption is defined as the extra fuel consumption that will be required to
recharge the battery via the ICE. The equivalent fuel consumption is added
to the fuel consumption obtained over the given cycle and is computed
according to Equation (4.13) below

∆fc =

(SOC

final

)

− SOC * Wbatt

100η ICEmean

(4.13)

where ∆fc is the equivalent fuel consumption, ηICEmean is the mean ICE
efficiency over the driving cycle, SOCfinal is the final SOC, Wbatt is the energy of
*
the battery and SOC is the SOC reference. To further compensate for SOC
deviations, the driving cycles has been run twice in a row. A consequence of
this, is that the energy coupled to the SOC deviation will be relative small to
the fuel energy used over the cycle. These two methods for compensating for
SOC deviations in the end of the cycle has been used through out the thesis.
SOC Controller Gain
The influence of kSOC on fuel consumption has been studied by carrying out
several simulations. Two different driving cycles where used in the
simulations. The NEDC, which is an urban driving cycle, and US06, which
is a highway driving cycle. With τICE and ζ equal to one, kSOC, is according to
Equation (4.9), equal to 16200. This value is the nominal value for the
simulations and will be referred to as kSOCnom. The different values of kSOC were
then computed by multipliying kSOCnom with a scaling factor, κ. The values of κ
is presented in Table 4.3, together with the associated relative damping.
The effect of changing the SOC controller gain, for the two driving cycles is
presented in Figure 4.4. The figure shows the relative change in fuel
consumption with regard to the fuel consumption obtained with kSOC equal to
kSOCnom. The figure also shows the drift of the SOC. The drift is presented as
the mean value of the absolute difference of the instantaneous SOC and the
reference value of 70%, taken over the whole driving cycle. It should be
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pointed out that ηICEoff and τICE was chosen to 29% and 1s, respectively.
Table 4.3 Values for the scaling factor, κ, SOC controller gain, kSOC, and relative
damping, ζ, used in the simulations.
κ
10
5
1
1/5
1/10
1/20
1/30
1/40
1/50
1/70
1/90
1/110
1/150

kSOC
162000
8100
16200
3240
1620
810
540
405
324
231
180
147
108

ζ
0.32
0.45
1.00
2.23
3.16
4.47
5.48
6.32
7.07
8.37
9.49
10.49
12.25
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Figure 4.4 Relative change in fuel consumption (a), with regard to the fuel
consumption obtained with kSOC equal to kSOCnom. Mean SOC deviation
(b) with respect to the reference value of 70 %..
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Figure 4.4(a) shows that the fuel consumption varies significantly with the
choice of kSOC. An increase in the charging gain with a factor 10, relative to a
decrease of 1/50, increases the fuel consumption with approximately 8% for
the US06 driving cycle. The reason for this is that, for high charging gains,
the ICE almost immediately tries to compensate for a deviation in the SOC.
This result in frequent turn-ons and turn offs of the ICE, which results in a
lower mean efficiency. An increase in the charging gain also results in higher
losses in the electrical path, due to less efficient operating points for the
electrical machines. Figure 4.5 shows the relative change in ICE mean
efficiency and total loss in the electrical path for both the US06 and NEDC
cycle.
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Figure 4.5 Relative change in ICE mean efficiency (a) and relative total energy loss
in the electrical path (b), with regard to the mean efficiency and total loss
obtained with kSOC equal to kSOCnom.

The decrease in mean efficiency for the ICE is even more evident for the
NEDC cycle. However, since this cycle is considerably less demanding than
the US06, the ICE is shut off most of the time. Thus, an increase in the mean
ICE efficiency will have a negligible effect on the fuel consumption for this
cycle.
The results from the simulations also show that the deviation of the SOC
increases as kSOC is decreased, see Figure 4.4(b). This is obvious since a lower
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gain implies a lower bandwidth of the SOC control loop. As kSOC is decreased,
the SOC deviation can reach unacceptable limits, which results in a shorter
lifetime of the battery. A reasonable limit for the SOC deviation is assumed
to be 15%. The US06 driving cycle exceeds this limit for the lowest scaling
factor, whereas the limit is never reached for the NEDC cycle.
ICE Efficiency Turn-Off Level
The ICE is turned off for low efficiencies in order to increase its overall mean
efficiency. When the ICE is turned off, the electrical machines have to supply
the power request from the driver. However, if the electrical machines are
unable to supply the demanded tractive power, the turn off of the ICE is
overruled. This is done in order to meet the power request to the highest
degree possible. The effect of the ICE turn-off level on the fuel consumption
has been studied by varying the level from 28% to 33% in steps of 1%. The
result is presented in Figure 4.6.
(a)
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Figure 4.6 Relative change in fuel consumption (a), with regard to the fuel
consumption obtained with ηICEoff equal to 29%. Mean SOC deviation
(b) with respect to the reference value of 70%.

It can be seen that varying the ICE turn-off level between 28% and 32% only
slightly affects the fuel consumption. However, for a level of 33% the fuel
consumption increases with about 4% and 6% for the US06 and the NEDC
driving cycles, respectively. The reason for this is that the turn-off level is
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approaching the maximum efficiency of the ICE. Hence, the ICE is only
operated for a very limited number of torque and speed combinations. This
result in frequent turn-on and turn-off of the ICE, which results in a low
mean ICE efficiency. This can be seen in Figure 4.7.
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Figure 4.7 Relative change in ICE mean efficiency (a) and total energy loss in the
electrical path (b), with regard to the mean efficiency and total loss
obtained with ηICEoff equal to 29%.

The figure also shows that, not very surprisingly, as the utilization of the ICE
is decreased, the electrical losses increase. The combination of poor ICE mean
efficiency and high electrical losses results in lower fuel economy.
ICE Low Pass Filter Time Constant
To prevent the ICE from responding to rapid transients, which leads to
higher emission levels, the ICE power request is low pass filtered. As the time
constant is made smaller, the difference between the power produced by the
ICE and the requested power becomes smaller. Hence, the electrical power
that the electrical machines has to supply becomes smaller and smaller. As the
time constant approaches zero, the hybrid drivetrain changes from a full
hybrid to a power assist hybrid. A power assist hybrid, as the name implies
only supports the ICE during heavy accelerations. The drawback with
lowering the time constant is that the rapid transients results in increased
emission levels [18]. A higher time constant results in a redistribution of the
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instantaneous power from the thermal side, i.e. the ICE, to the electrical side,
i.e. the electrical machines. Figure 4.8 shows the relative change in fuel
consumption and the change in SOC as the ICE filter time constant is
changed. The investigated time constants, ranges from 0.2 s to 2s.
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Figure 4.8 Relative change in fuel consumption (a), with regard to the fuel
consumption obtained with τICE equal to 1s. SOC deviation (b) with
respect to the reference value of 70%.

It can be seen that the fuel consumption increases as the filter time constant
increases. The reason for this can be traced back to what was stated earlier, i.e.
that there will be a redistribution of the power from the ICE to the electrical
machines as the time constant is increased. As a consequence of this, the
losses in the electrical path will increase. This can be seen in Figure 4.9,
which shows the relative changes in the mean ICE efficiency and the total loss
in the electrical path.
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Figure 4.9 Relative change in ICE mean efficiency (a) and the total energy loss in
the electrical path (b), with regard to the mean efficiency and total loss
obtained with τICE equal to 1s.

The figure shows that in spite of the ICE mean efficiency being lower for
smaller time constants, the fuel consumption is lower. This is, as was
mentioned before, a consequence of the electrical losses being lower.
The gain in fuel consumption when using a low time constant, has to be
related to the increased emission levels, originating from the increased
bandwidth of the ICE. Hence, the choice of time constant is a trade-off
between a relatively modest gain in fuel consumption and higher emission
levels. To be able to make the best choice, the actual emission levels has to be
considered. It will be assumed that the relatively modest gain in fuel economy
is not justifiable to the increased emission levels. Thus, a time constant of 1 s
will be used through out the thesis.
Optimal Parameters
In the preceding sections, the influence that each individual control
parameter has on the fuel consumption has been discussed. However, it is not
a matter of course that the best fuel consumption is obtained by choosing the
best parameter according to the individual investigations performed in the
preceding sections. It might even be, that such a choice of parameters might
result in a controller that does not work properly. Thus, in order to choose
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the best combination of control parameters, they have to be investigated
together. Figure 4.10 shows the result of several simulations, where the SOC
controller gain and the ICE efficiency turn-off level have been investigated
together. The ICE low pass filter time constant was here set to 1 s, according
to the previous discussion.

Figure 4.10 Fuel consumption and absolute value of the maximum SOC deviation
for the US06 (a, b) and the NEDC (c, d) cycle.

Figure 4.10 shows the fuel consumption and the absolute value of the
maximum SOC deviation during each driving cycle. Figure 4.10(a)-(b) and
Figure 4.10(c)-(d) shows the results for the US06 and the NEDC cycle,
respectively. Combinations of control parameters where the SOC deviation is
higher than 15 %, is considered none admissible combinations. The fuel
consumption for these combinations is for that reason not presented in the
figure. Figure 4.10(a) and (c) both shows that low scaling factors and high
ηICEoff results in none acceptable SOC deviations, i.e. over 15 %. This is a
consequence of the ICE being in the off-state for a considerable part of the
driving cycle and the decreased effort in controlling the SOC. When the ICE
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is shut off, the electrical machines step in, resulting in a lower SOC. In
addition to this, with the ICE on, the lower SOC controller gain leads to a
slow correction of the SOC back to its reference value. The result of this is a
dramatic decrease in SOC. Hence, these combinations of control parameters
are of now interest. For low scaling factors and low ICE efficiency turn-off
levels the SOC deviations are also too high. This phenomenon can only be
seen for US06. During heavy decelerations, the SOC increases significantly to
recover as much energy as possible. If two decelerations occur close in time, a
low SOC controller gain will result in a trend of an increasing SOC, since the
correction is not fast enough. These combinations of control parameters will,
accordingly not be an admissible choice.
Figure 4.11 shows which combinations of the control parameters that are
admissible for NEDC, US06, both of the cycles and those, which are not. It
also shows how the control parameters should be selected to achieve minimal
fuel consumption. This is symbolized by the black area, and within this area
the fuel consumption is 1.5 % within the minimum value.

Figure 4.11 Illustrates the admissible and none admissible combinations of the
control parameters for the NEDC and the US06 cycle. The
abbreviations have the following meaning: Not Admissible, Admissible
for NEDC, Admissible for US06, Admissible for Both and Best Choice.
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Figure 4.13 shows why the best choice of control parameters falls within the
black area shown in Figure 4.11.

Figure 4.12 ICE mean efficiency and total energy loss in the electrical path for US06
(a, b) and NEDC (c, d).

Three main reasons can be distinguished. The first one is that the SOC
deviations are kept within the limit of 15%, the second one is that a high
mean efficiency of the ICE is obtained and the last one is that the losses in
the electrical path are kept at a reasonable level. All of this together, gives an
admissible choice of control parameters that gives a high fuel economy.
Non-Linear Feedback Term
The previous section showed that the SOC controller gain should be chosen
rather small, this is, however, in contradiction with keeping the SOC within
reasonable limits. This can be solved by replacing the simple SOC controller
with a non-linear controller, as proposed in [19] and [20]. The constant SOC
controller gain, kSOC, is in the non-linear controller, not kept constant. It will
in fact be changed according to a tangent function. Figure 4.13 shows the
principle shape of the non-linear gain.
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Figure 4.13 Principle shape of the non-linear feedback term.

This will solve the contradiction of having a low gain and avoiding drifts in
the SOC. As long as the SOC is within certain limits, the gain will be low.
Passing these limits will result in a much higher gain, forcing the SOC back
within the limits. The following mathematical description of the non-linear
feedback term is presented in [24]

Pch arg e

⎛ ⎛
SOC max + SOC min
⎜ π ⎜⎜ SOC (t ) − ⎛⎜
2
⎜
⎝
= −k tan⎜ ⎝
SOC max − SOC min
⎜
⎜
⎝

⎞ ⎞ ⎞⎟
⎟ ⎟⎟
⎠⎠ ⎟
⎟
⎟
⎟
⎠

(4.14)

where Pcharge is the power delivered to the battery, SOCmax and SOCmin are the
maximum and minimum admissible SOC levels, respectively. The parameter
k will here be chosen according to Equation (4.9). This will result in a nonlinear feedback term with a lower gain than kSOC, when the SOC is within the
limits, and a high gain when the SOC deviation is high. Including the
maximum SOC deviation in the relation, Equation (4.14) is changed to
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(

)⎞⎟

⎛ π SOC * − SOC (t )
Pch arg e = k SOC tan⎜⎜
∆SOC max
⎝2

(4.15)

⎟
⎠

where ∆SOCmax is the maximum allowed SOC deviation. Note that minus
sign has been moved into the tangent function, to be consistent with the
linear SOC controller. The variation of the gain for the non-linear feedback
term can be obtained, by studying the derivative of Equation (4.15) with
respect to the deviation in SOC.

dPch arg e
d∆SOC

=

− π k SOC
⎛ π SOC * − SOC (t )
2∆SOC max cos 2 ⎜⎜
∆SOC max
⎝2

(

)⎞⎟

(4.16)

⎟
⎠

Figure 4.14(a)-(b) shows the derivative of the non-linear feedback term, i.e.
the gain, and the ratio between the gain for the original SOC-controller and
the non-linear one. The gains have been normalized with respect to the linear
SOC-controller gain and ∆SOCmax was chosen to 15%.

Figure 4.14 SOC-controller gain (a) with linear and non-linear feedback term. Ratio
between the linear and non-linear gain.
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Figure 4.14 clearly shows the benefits of using the non-linear feedback term.
The gain is low in between the predetermined SOC limits and then
drastically increases. This is most evident in Figure 4.14 (b) where the ratio
between the linear feedback term and the non-linear feedback term is
presented. It can be seen that the non-linear feedback gain is approximately
10 times lower for low SOC deviations, whereas it increases rapidly in the
vicinity of the SOC limitations. The non-linear gain is actually lower than
the linear in 80% of the admissible interval.
The same simulations, which were carried out for determining the optimal
controller parameters, were also carried using the non-linear feedback term.
The maximum SOC deviation, ∆SOCmax, was given the value 10%, in order
to assure that the deviation never exceeds 15%. The result of these
simulations is presented in Figure 4.15.

Figure 4.15 Fuel consumption and absolute value of the maximum SOC deviation
for US06 (a, b) and NEDC (c, d) using a non-linear feedback term in
the SOC-controller.
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The simulations show that the maximum SOC deviation is significantly
lower with the non-linear feedback term. There are almost no changes in the
fuel consumption compared with using a linear feedback term, except for the
high scaling factors. The reason for this is what was stated before, that the
SOC-controller gain is up to a factor ten smaller, within the predefined
limits. Figure 4.16 shows which controller combinations that should be
chosen with the non-linear feedback term. It also shows the optimal
controller combinations that were obtained with the linear SOC controller.

Figure 4.16 Optimal combinations of controller parameters for linear feedback term
and nonlinear feedback term. The abbreviations have the following
meaning: Linear Feedback, Non Linear Feedback.

As can be seen Figure 4.16, there has been a shift of the area where the
controller parameters should be chosen. This is due to the lower gain in the
case with the non-linear feedback term.
The difference in minimal fuel consumption, with the two different SOC
controllers, is negligible. However, the choice will fall on the non-linear
controller, due to its ability to limit the SOC deviation. This is important in
order to guarantee a long lifetime of the battery. Chapter 5.4 is dedicated to
the comparison of the heuristic control strategy presented here and the results
of global optimization.
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Robustness
The results in the previous section showed that the optimal operating line
strategy does not exhibit any significant cycle-beating trait. This is evident
since it was shown that there is a whole range of controller parameters that
can be chosen, which will give a satisfactory result, even though the driving
cycles are completely different. This robustness can be shown by noticing that
the strategy works very well for many different driving cycles. Table 4.4
shows the fuel consumption for four additional driving cycles, with the
controller parameters optimized for the US06 and the NEDC according to
the previous section.
Table 4.4 Fuel consumption obtained with a conventional vehicle and the
reference vehicle, over the FTP72, NYC, HWFET and FIGE
cycle. The final SOC for the different driving cycles is also shown.

f.c.

Optimal
operating
line
strategy

0.639

f.c.

Conventional

FTP72
[l/10km]
2
[%]

0.3951

∆SOC

1

77.8

1

2

1

NYC
[l/10km]
2
[%]

0.954

1

0.3451

74.7

2

HWFET
[l/10km]
2
[%]

1

0.501

1

0.4291

2

70.6

1

FIGE
[l/10km]
2
[%]

0.531

1

0.4331

Improvement
[%]

0/0/0

-38/-62/
-14/-18

2

73.2

The FTP72 cycle and the NYC cycle are two urban driving cycles, whereas
the HWFET driving cycle is a highway driving cycle. The FIGE cycle
contains different driving conditions, such as urban, rural and motorway
characteristics. Table 4.4 shows that the gain in fuel consumption varies for
the four driving cycles.. The gain in fuel consumption ranges from 14% for
the HWFET cycle to 62% for the NYC cycle. In order to show the chargesustaining characteristics of the strategy, the final SOC is included in the
table. It can be seen that the drift in the final SOC is within reasonable levels.

Chapter 5
Dynamic Programming
Dynamic programming (DP) is an useful and important optimization tool,
that can be applied to various disciplines. It is used in as different areas as
economics, game theory, artificial intelligence, control systems to mention a
few. In, for example, control system design, dynamic programming serves as a
tool for providing ideal trajectories or paths [21]. DP problems involve
making a sequence of decisions in order to optimize some criterion. However,
it should be pointed out, that DP is not a specific algorithm that can solve all
dynamic programming problems. It should rather be considered as a way of
decomposing certain problems into more amenable ones. The theory of DP
will here be used to solve the finite horizon optimization problem of
determining an optimal control strategy for the reference vehicle, over an in
advanced known driving cycle.

5.1

Dynamic Programming Basics

DP is based on Bellman’s principle of optimality [22]. The principle states
that, the characteristics of a optimal path is, regardless of the initial state and
initial control actions, that the subsequent control actions has to be optimal
for the remaining problem, with regard to the state resulting from the first
decision. The core essence is that all parts of an optimal path are optimal
paths themselves [23]. The advantages of DP are that the fundamentals are
easy to understand, no advanced mathematics are needed and a true optimum
are always guaranteed. However, it has its drawbacks, such as high
computational load and the need for high memory storage capacity.
Mathematical Problem Formulation and Implementation
The DP technique can be used to compute the optimal control actions, i.e.
the optimal power split and gearshift, over a known driving cycle, to
minimize the fuel consumption. The approach used here is to start at the end
of the driving cycle and work backwards, which is known as backward DP,
55
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computing the optimal control actions at every time instant. A model of the
reference vehicle, discretized for numerical optimization, can be expressed as

x(k + 1) = f (x(k ), u (k ), k )

(5.1)

where x(k) is the system state vector, which, in this case, consists of the SOC
and the gear position. u(k) is the vector of control variables, such as gear shift
command, the output torque of the ICE and the output torques of the
electrical machines. k is the present stage, which represents a time instant of
the driving cycle. Each stage of the driving cycle has an associated vehicle
speed and torque demand. A general DP problem can be stated as follows
[23]

Minimize the cost function
N

J = ∑ L( x(k ), u (k ), k )

(5.2)

x(k + 1) = f (x(k ), u (k ), k )

(5.3)

x ∈ X (k ) ⊂ ℜ n , u ∈ U (k ) ⊂ ℜ m

(5.4)

k =0

where

and subject to

where N is the length of the driving cycle, L is the cost of one single stage and
J, known as the objective function, represents the total cost. The constraints
on the system states, X(k), and the control actions, U(k), can, be summarized
as follows
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⎧SOCmin ≤ SOC (k ) ≤ SOCmax
X (k ) : ⎨
g min ≤ g (k ) ≤ g max
⎩
⎧0 ≤ TICE (k ) ≤ TICEmax (ω ICE (k ))
⎪
⎪TFASmin (ω FAS (k )) ≤ TFAS (k ) ≤ TIFASmax (ω FAS (k ))
U (k ) : ⎨
⎪TRDU min (ω RDU (k )) ≤ TRDU (k ) ≤ TRDU max (ω RDU (k ))
⎪s (k ) ∈ {− 1,0,1}
⎩

(5.5)

SOCmin and SOCmax are the minimum and maximum allowed levels of the
SOC, respectively. gmin and gmax are the lowest and the highest gear number.
Apart from the constraints in Equation (5.5), the following constraints has to
be included in the optimization

ω ICE
ω FAS
ω RDU

min
min
min

Pbat min

ω ICE (k ) ≤ ω ICE
≤ ω FAS (k ) ≤ ω FAS
≤ ω RDU (k ) ≤ ω RDU

≤

max
max

≤

Pbat (k )

≤

(5.6)

max

Pbatmax

The constraints in Equation (5.5) and (5.6) ensures proper operation of the
ICE and the electrical machines and prevents the battery from being depleted
or overcharged. Apart from these inequality constraint, one equally constraint
on the delivered torque is included in order to assure a perfect following of
the driving cycle at every time instant
*
(k ) = (TICE (k ) + TIFAS (k ))Ri (k ) + TRDU (k )RRDU
Twh

(5.7)

The general DP problem described in (5.2)-(5.4) above can be solved
*
recursively by the use of Bellman’s principle of optimality. Let Jk represent
the minimum cost going from stage k to stage N, starting in state x(k) [24]
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J k* ( x(k )) =

⎡N
min ⎢∑ L( x( j ), u ( j ),
u ( k ),...,u ( N )
⎣ j =k

⎤
j )⎥ =
⎦

N
⎡
= min ⎢ L( x(k ), u (k ), k ) + min ∑ L( x( j ), u ( j ),
u (k )
u ( k +1),...,u ( N )
j = k +1
⎣
*
= min L( x(k ), u (k ), k ) + J k +1 (x(k + 1), k + 1)
u (k )

[

]

⎤
j )⎥ =
⎦

(5.8)

*

where JN is equal to

J N* (x( N )) = min[L( x( N ), u ( N ), N )]

(5.9)

u(N )

The objective of the optimization is to minimize the fuel consumption, which
implies that the fuel energy should be included in the objective function. In
order for the vehicle to be charge-sustaining, i.e. to have the same level of
SOC in the beginning and the end of the driving cycle, a constraint on the
final SOC has to be included in the objective function. If this constraint is
left out, the battery will be depleted since no fuel is used when the vehicle is
operated in pure electric mode. Also included in the objective function is a
penalty on changing gear. This is done in order to prevent frequent gear
shifting, which would have a negative effect on the drivability. The objective
function can be expressed as [25]
N −1

J = ∑ L( x(k ), u (k ), k ) + M (x( N )) =
k =0

(

= W fuel (k ) + β g (k + 1) − g (k ) + α SOC (N ) − SOC

)

(5.10)

* 2

where α and β are penalty factors for the final value of the SOC and the gear
shifting, respectively.
Numerical Computation and Interpolation
Since the vehicle model is nonlinear, the DP problem cannot be solved
analytically. Numerical computations have to be used. Hence, to solve
Equation (5.8) numerically, the states and the control inputs have to be
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quantified into finite grids. The state space and the control inputs are
quantified according to [26]

x ∈ {ξ1 , ξ 2 +,..., ξ X ( k ) }

u ∈ {γ 1 , γ 2 +,..., γ U ( k ) }

(5.11)

*

At each stage the cost-to-go function Jk is evaluated at all state grid points, i.e.
at {ξ1, ξ2,…, ξX(k)}, for all control inputs {γ1, γ2,…, γU(k)}. The optimal control
*
input for stage k and state i is denoted u (ξi,k). If the next state, i.e. f(ξI,γj,k),
*
is not a quantified state, J k+1 has to be interpolated. This procedure is
described graphically in Figure 5.1.

Figure 5.1 Graphical representation of the backward DP algorithm with
interpolation of the cost-to-go function [23].
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The overall dynamic optimization procedure, including interpolation
between states, can summarized in the following steps

Step N - 1 :

J N* −1 (x( N − 1), N − 1) = min [L( x( N − 1), u ( N − 1), N − 1) + M ( x(N ))]
u ( N −1)

Step k, for 0 ≤ k ≤ N - 1, and for 1 ≤ i ≤ X(k)
~
J k* ( x(k ), k ) = min L(ξ i , u (k ), k ) + J k*+1 ( f (ξ i , u (k ), k ))
u (k )

[

(5.12)

]

~

where J k*+1 is calculated by interpolating [27] between the two costs
belonging to the two states closest to f(ξI,γj,k), see Figure 5.1 above.

5.2

Model Simplification and Implementation

The computation time of for a DP problem is highly dependent on the
number of states. In fact, it increases exponentially with the number of states.
Hence, there is a trade off between model accuracy and computational
burden. A simplified model can be developed by ignoring system dynamics
above 1 Hz. This is motivated by the fact that the main objective is to study
the fuel consumption during over a driving cycle [25]. Only two states are
needed in the simplified model, which are the SOC and the gear number. All
of the states are discretized by the use of Euler’s method [28]. The vehicle
speed is not considered a state since it is given by the driving cycle. The
requested torque at every time instant, i.e. stage, can be computed by
rearranging Equation (3.1)
*
*
(k )rw =
Twh
(k ) = Fwh

= mv rw

1
v(k + 1) − v(k )
2
+ rw C r mv g + rw ρ a C d Av v(k )
2
Ts

(5.13)

where Ts is the sampling time, which is set to 1 second, according to the
discussion above. Hence, for every stage of the optimization problem, not
only the vehicle speed is known, but also the requested torque.
The SOC of the battery can be calculated from Equation (B.1) in Appendix
B.
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SOC (k + 1) = SOC (k ) +
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Ts
PEM (k )
Wbat η bat (PEM (k ) )

(5.14)

where PEM is the sum of the electrical machine powers at time instant k and

ηbat) is the battery efficiency for charging or discharging of that power level.
The battery efficiency is modeled as described in Chapter 3.
The 6-speed automatic transmission described in Chapter 3 is modeled as a
discrete time system. The state of the system is the gear number, g, and the
control input, s, is a signal that can take on the values –1, 0 and 1, which
represents a downshift, no shift and an up-shift, respectively. Equation (5.15)
describes the modeling of the transmission

⎧s (k )∈ {0,1} , g (k ) = 1
⎪
g (k + 1) = g (k ) + s (k ) , ⎨s (k )∈{− 1,0,1} ,1 < g (k ) < 6
⎪s (k )∈ {− 1,0} , g (k ) = 6
⎩

(5.15)

The ICE and the electrical machines are modeled as described in Chapter 3.

5.3

Simulations and Results

The method of dynamic programming, described in the previous chapter, has
been applied to the reference vehicle, in order to investigate the potential of
the hybridization. The results from the dynamic programming will serve as a
benchmark, and is used to show how close the optimal operating line strategy
is to the optimal solution.
Figure 5.2 shows the results from two simulations, where dynamic
programming has been used to determine the optimal control actions. The
simulation was carried out over the US06 and NEDC driving cycle. The data
for the reference vehicle where used, with one distinction, the RDU is not
included in the simulation model. This is done in order to clearly show the
fundamentals of the hybridization. If the RDU is included, which will be the
case later, the regenerated energy will be in the magnitude of the energy used
by the electrical machines. The way that the optimal control policy handles
recharging of the battery with the ICE, will under these circumstances be lost.
Hence, the RDU is, in this first simulation, left out to clearly show all modes
of operation.
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Figure 5.2 Simulation results from the DP for the US06 and the NEDC driving
cycle, showing the SOC, the ICE power and the FAS power for both
cycles. Only results from the second half of the driving cycles are shown
for clarity.

The figure shows that the control strategy is charge-sustaining, i.e. the initial
value of the SOC is equal to the end value, which was a constraint used in the
objective function. Figure 5.2 shows the ICE and FAS torque for the
respective driving cycle. The ICE is used extensively for the demanding US06
driving cycle, whereas for NEDC the ICE is shut off most of time. The ICE
is off since low power levels imply poor ICE efficiency. The power flows in
the drivetrain can be quantified by using the concept of power split ratio
(PSR), that was used in Chapter 4.3. The PSR is here defined as the ratio
between the power from the ICE and the requested power from the driver
[25], see Equation (5.16)

PSR =

PICE
*
Pwh

(5.16)

Four different modes of operation can be distinguished; pure electric mode,
PSR=0, power assist mode , 0<PSR<1, pure thermal mode, PSR=1, and
recharging mode, PSR>1. Note that the PSR is only computed for positive
power demands, since it will always be zero during regenerative breaking.
Figure 5.3 shows the PSR for the US06 and NEDC driving cycles. The PSR
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is in Figure 5.3(a)-(b) and Figure 5.3(c)-(d) shown as a function of the
requested torque and the requested power, respectively. The requested torque
has been transformed to the output shaft of the ICE, to clearly show the
operation of the ICE.

Figure 5.3 PSR for the US06 (a, b) and the NEDC (c, d) driving cycles.

Figure 5.3 clearly shows the four different modes of operation and for which
torque levels they are used: the pure electric mode is used for low torque
requests, the recharging mode is used for a narrow band of medium torque
levels, the pure thermal and the power assist mode is used for medium and
high torque levels. The reason for this can be traced back to the fact that low
fuel consumption can only be achieved if the ICE is operated with high
efficiency. Figure 5.4 shows that high efficiency is accomplished by only
operating the ICE above approximately 100 Nm. In addition to this, the ICE
speed should be kept quite low, ranging from 1000 rpm up to 4000 rpm.
This corresponds to ICE powers ranging from 10 kW to 100 kW. Figure 5.4
shows, apart from the ICE efficiency, the four different modes of operation
for the US06 driving cycle.
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Figure 5.4 ICE efficiency map and the PSR for the four different operating modes.

Figure 5.3(a) and (b) shows that the recharging mode occurs for torque
requests ranging from about 70 Nm to 110 Nm. These levels of ICE torques
are a good choice for recharging, since the efficiency of the ICE can be
increased and at the same time keep the losses in the battery at a reasonable
level. For torque references below 70 Nm, the recharging power would have
to be very high and the gain in ICE efficiency would be lost due to high
battery losses, this implies that the pure electric mode should be used, which
also is the case according to Figure 5.3. Pure thermal operation is used in the
middle torque region, where the ICE efficiency is high. If the ICE is not able
to deliver the requested torque, the electrical machines steps in and assists the
ICE. In addition to this, the power assist mode is also used in the middle
torque region, i.e. above 150 Nm. The ICE is in fact able to supply the
requested torque in these operating points, but that implies that a low gear
has to be used. The consequence of a low gear is high ICE speed and low ICE
torque, which is in conflict with a high ICE efficiency. The DP power split,
consequently suggests a higher gear and operation in the power assist mode,
to maintain a high ICE efficiency.
The same simulations have been carried out with the RDU added to the
simulation model and the result is presented in Figure 5.5.
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Figure 5.5 Simulation results from the DP for the US06 and the NEDC driving
cycle, showing the SOC, the ICE power, the FAS power and the RDU
power for both cycles. Only results from the second half of the driving
cycles are shown for clarity.

The simulations show that the FAS is used to a greater extent than the RDU.
The reason is that the FAS, which is a smaller machine than the RDU, has
higher efficiency for low power levels. For the less demanding NEDC the
RDU is hardly ever used. However, during deceleration of the vehicle the
RDU is used quite extensively to capture as much of the braking energy as
possible. The concept of PSR can reformulated, as was done in Chapter 4.3
in order to study the split of the requested electrical machine power between
the FAS and the RDU. Figure 5.6 shows the PSR for the electrical machines,
where PSR is defined as the ratio between the power from the FAS and the
total electrical machine power reference.
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Figure 5.6 PSR for the electrical machines for the US06 (a, b) and the NEDC (c, d)
driving cycles.

The results show that for low power references, i.e. below 10 kW, in both
motor and generator operation, the FAS is the preferred choice of electrical
machine. This is due to the poor efficiency of the RDU for low power levels.
For medium positive power references, above 10 kW, the electrical machine
torque is split between the two machines and the RDU is assigned
approximately 60 % of the power. This increases the total electrical machine
efficiency. During deceleration, the total requested electrical power can be
rather high. As for the motor operation, the FAS is used for power levels up
to 10kW, whereas for higher power levels the RDU has to be used to recover
as much energy as possible.
Since two machines are used in this case, more of the braking energy can be
captured. In fact, the energy regenerated for the US06 cycle is close to the
energy needed for propulsion. Hence, the ICE is never used to recharge the
battery. This can be seen in Figure 5.7(a) and (c), where the PSR never
exceeds one.

5.4. Dynamic Programming Compared to the Optimal Engine Line Strategy
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Figure 5.7 PSR for the US06 (a, b) and the NEDC (c, d) driving cycles.

The results from the simulations with the RDU added, is very similar to the
results with only one electrical machine. The main difference is, as has been
mentioned, that more of the braking energy can be regenerated, which results
in a lower fuel consumption. The fuel consumption is decreased from 0.598
l/10km and 0.389 l/10km, when only the FAS is used, to 0.542 l/10km and
0.342 l/10km with the RDU added, for the US06 and NEDC cycle,
respectively.

5.4

Dynamic Programming Compared to the Optimal
Engine Line Strategy

It has been pointed out that the results from the dynamic programming
cannot be implemented as a real-time strategy, since the future driving has to
be known in advance. There are, however, suboptimal control strategies based
on dynamic programming that uses stochastic models of typical drive
behavior [40] or estimation of future driving conditions [13].
The solution to the HEV control problem, i.e. to choose the optimal power
split in every time instant, obtained with dynamic programming is here used
as a benchmark for the heuristic control strategy. It is hereby possible to
quantify the performance of the optimal operating line strategy, by studying
the difference in fuel consumption. Table 5.1 presents the fuel consumption
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obtained with DP and the optimal operating line strategy, for three different
driving cycles. The driving cycles used in the comparison are the NEDC, the
US06 and a combined driving cycle, where the first part is the NEDC and
the second part is the US06. Included in the table are the fuel consumptions
obtained for simulations with a conventional vehicle of the same size and the
same engine as the reference vehicle. The vehicle weight is reduced compared
to the hybrid counterpart, to compensate for the extra weight of the power
electronics and electrical machines.
Table 5.1 Fuel consumption obtained with a conventional and the reference
vehicle, over the NEDC, US06 and the combined driving cycle.
NEDC
[l/10km]

US06
[l/10km]

Combined
[l/10km]

Improvement
[%]

Conventional

0.643

0.762

0.727

0/0/0

Dynamic
programming

0.374

0.542

0.490

-41/-29/-33

0.400

0.592

0.538

-38/-22/-26

+7.0

+9.2

+9.8

Optimal
operating line
strategy
Optimal
operating line
strategy vs. DP
[%]

Table 5.1 also shows the relative difference in fuel consumption obtained
with the optimal operating line strategy and DP. It can be seen that the
optimal solution is approximately 9% better for the more demanding driving
cycles, the US06 and the combined cycle, and approximately 7% for the less
demanding NEDC cycle.
One of the main differences, apart from the preview nature of the DP, is that
the optimal operating line strategy is based on optimizing the use of the ICE.
The strategy chooses gear to obtain the highest ICE efficiency possible and if
the efficiency is lower than a predefined limit, the ICE is turned off. The
control strategy obtained with the DP takes the efficiency of all the
components into account, and thereby maximizes, not only the ICE
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efficiency, but the overall efficiency for the whole HEV. However, since the
ICE suffer from much higher losses that the electrical machines, the ICE is
the most important to focus on. This can be seen in the relatively small
difference in fuel consumption, ranging from 7% to 9%, between the two
strategies.
Both of the strategies are, as has been mentioned before, charge-sustaining.
There is however a major difference in how the SOC is controlled between
the two strategies. The solution to the control problem proposed by the DP is
based on the knowledge of the future driving conditions. Hence, this strategy
knows when there will be “free” energy, in the form of regenerative breaking,
and takes advantage of this by refraining to charge the battery with the ICE.
The optimal operating line strategy has, however, no knowledge of the future
driving conditions, but relies only on the current system states. This strategy
relies on the SOC controller to keep the SOC close to its reference value. The
SOC controller is operated at every time instant and tries to force the SOC
towards it reference value, this a consequence of not knowing when the
mission ends. It should be pointed out, that the will of bringing the SOC
back towards its reference value is relieved by lowering the SOC controller
gain. As a consequence of the continuously operating SOC controller, the
ICE is rarely operated alone. This can be seen in Figure 5.8, where several
operating points has a PSR close, but not equal, to one. Hence, there will be a
power split between the ICE and the electrical machines, even though a
higher overall efficiency might had been obtained by operating the ICE alone.
Figure 5.8 shows that the optimal operating line has, apart from the
continuously operated SOC controller, one other drawback. It uses the
recharge mode for low power demands. Hence, to achieve high efficiency for
the ICE, the ICE power has to be high, resulting in high charging power to
the battery. The efficiency of the battery decreases quite significantly with the
charging power, and battery losses will increase. It can also be seen that the
vehicle is run in all-electric operation for quite high power demands, which
also increases the battery losses.
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Figure 5.8 PSR obtained with DP, (a) and (c), and the optimal operating line
strategy, (b) and (d).

Chapter 6
Conclusions on Energy
Management Strategies
The first part of the thesis is devoted to energy management strategies in
HEVs and this chapter will present the main results.
The basic function of a heuristic control strategy, named optimal operating
line strategy, is discussed. In addition to being simple and robust, the optimal
operating line strategy does not exhibit any significant cycle beating trait. It
can be used for real-time control, unlike strategies obtained with global
optimization, since the strategy only relies upon the current system
conditions. The robustness of the strategy is shown by using exactly the same
strategy, with the same controller parameters, on four additional driving
cycles. The result is satisfactory, with respect to both fuel consumption and
the final value of the SOC.
To achieve optimal performance, the control parameters of the heuristic
strategies should be tuned. This tuning is often mentioned as a drawback of
the rule-based or heuristic control strategies. However, with the optimal
operating line strategy, the tuning is relatively simple. Chapter 4.4, discussing
the choice of optimal control parameters, showed that the choice is not
critical, as long as the following basic rules are followed:
•

The ICE turn-off level should not be chosen too close to the
maximum efficiency of the ICE, since this gives rise to frequent turnon and turn-off of the ICE.

•

The SOC controller gain should be chosen according to Equation
(4.9) in Chapter 4.4, which ensures that the SOC control loop is
stable.
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•

A non-linear feedback term, see Equation (4.15) in Chapter 4.4,
should be used. Two benefits are obtained with this choice, the SOC
controller gain is lowered within the admissible range of the SOC
and large SOC deviations are avoided.

•

The ICE filter time constant should be chosen to 1 s, in order to
reduce emission levels.

In addition to the choice of controller parameters, one important issue, to
assure proper operation of the energy management strategy, is the choice of
the number of gears and their individual gear ratio. The importance of this is
pointed out, since the core of the strategy is to operate the ICE close to its
optimal operating line. It was shown that optimizing the gears, results in a
13% and 6% lower fuel consumption over the combined driving cycle for the
5-speed and 6-speed gearbox, respectively. However, lowering the gear ratios
th
th
for the 5 and 6 gear for the conventional vehicle, has an negative effect on
the acceleration performance. However, for the HEV studied in this thesis,
which has two additional torque sources, there was no deterioration of the
acceleration performance. In fact, the performance is significantly better for
the HEV, where the lower gear ratios are compensated by the additional
torque from the electrical machines. It was also shown that the performance
goals regarding the acceleration times, 8.0 s for 0-100 km/h and 8.5 s for 80100 km/h, where met and equal to 7.5 s and 4.6 s for the standard gearbox
and 7.8 s and 4.9 s for the optimized gearbox.
Since the vehicle has two electrical machines, there is an additional split to
consider, in addition to the split between the thermal and the electrical side.
A split based on pre-computed look-up tables, where the split giving the
highest electrical machine efficiency, is proposed. It is also pointed out that
the split is subordinated the stability control system of the vehicle, and will
thereby be overruled for some driving situations.
The task of the energy management strategy is to determine the instantaneous
power split between the power sources of the HEV powertrain. The optimal
power split, i.e. the solution to the HEV control problem, is computed over a
given driving cycle, by the method of DP. The result of this global
optimization is then used as a basis for evaluating the real-time heuristic
control strategy and serves as a lower bound for the fuel consumption for a
given cycle. The results show that the optimal operating line strategy is
relatively close to optimal solution. The relative difference in fuel
consumption is for the US06 and combined cycle approximately 9% and
approximately 7% for the NEDC cycle.

Part II
Control of Electrical Drives in
Hybrid Electrical Vehicles

Chapter 7
Rear Drive Unit
On of LU´s tasks in the “MHD-II-project” was to develop a rear drive unit
(RDU), based on an electrical machine provided by SAAB. During the
project with the RDU it was discovered that the electrical machine had to be
rewound for a different voltage level. This was done by the company Tramo
in Eslöv. To be able to control the machine a frequency converter was bought
from the Finnish company Vacon. The frequency converter was modified to
minimize its size.

7.1

Converter

Construction
Vacon has a number of different models of power converters. The converter
that turned out be the most suitable choice in the MHD-II-project was the
Vacon NXP Liquid-cooled Ch5. The converter was chosen because it fulfilled
the desired electrical specifications and its possibilities for size reduction. By
reducing the number of DC-capacitors by half, removing the diode rectifier,
modify some of the connections and move a capacitor fan, the outer
dimensions were significantly reduced. In order to do this some minor
mechanical changes had to be carried out.
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Figure 7.1 The basic structure of the Vacon NXP Liquid-cooled converter.

The basic structure of the converter can be seen in Figure 7.1. The plate in
the bottom of the converter (the base plate) is the base on which everything is
mounted. The large block perpendicular to the base plate is the heat sink (1)
with the connections for the cooling liquid (5) in the short side closest to the
observer. The cylindrical parts are the DC-capacitors (2), the rectangular
block in the middle of the heat sink is the power semiconductor device (4),
the three blocks perpendicular to the heat sink are the current sensors (3).
The space on the left side of the heat sink is empty in the version of the
converter used in the MHD-II-project. The original converter has its diode
rectifier, charge resistor etc mounted there. By removing half of the DCcapacitors from the side of the heat sink opposite of the semiconductor device
(the left side in Figure 7.1), the width of the converter was reduced with
35%.
Modification
The modification of the frequency converter was that Vacon delivered the
converter with half of the DC-capacitors removed, without one of the cooling
fans and with one resistor changed in circuitry for the power supply of the
control unit. SAAB Automobile themselves had to cut of the part of the base
plate not used. That is the part of the base plate along the left side of the heat
sink. SAAB Automobile also removed all plastic details that were not needed.
SAAB Automobile built the new chassis.

7.2. Electrical Machine

7.2
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Electrical Machine

Basic Machine Parameters
Data for the electrical machine was in the beginning of the project rather
limited. For that reason a number of initial measurements with low currents
were performed. The machine was connected to a vector control system
(dSpace) and ran at no load. The number of poles was determined by
counting the number of revolutions in relation to the number of excited
phase current periods. The flux linkage of the machine was determined by
letting the machine rotate in the test bench and measure the induced voltage.
The resistances of the stator windings were determined by applying a DCvoltage between two phases and then measure the current. All of the
measured parameters mentioned above are presented in Table 7.1
Table 7.1 Basic machine parameters
Parameter
Number of poles
Flux linkage
Stator resistance

Symbol
p
ψm
Rs

Value
8
0.0697 [Vs]
0.068 [Ω]

Rewinding
When a suitable battery had been bought, a decision was made that the
machine should be rewound to agree with the voltage of the new battery. The
machine was rewound from a DC-voltage of 350 V to 300 V. The number of
winding turns was thus decreased with 15% and the diameter of the winding
was increased with 7.5%, in order to keep the same copper fill factor. The
decrease in the number of winding turns implies lower inductances and this
together with the increased winding diameter leads to a lower resistance, but
the electrical time constant remains the same. Both quantities are
quadratically dependent on the number of winding turns, the inductance
according to the definition, the resistance when both the length and the area
are linearly dependent on the number of winding turns. The flux from the
permanent magnets that is linked with the stator winding, the so-called flux
linkage, ψm, is also lowered in proportion to the decreased number of winding
turns.
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Optimal Current and Field Weakening

To be able to coordinate all of the functions in a vehicle, an overall control
system is used. This control system is, in the reference vehicle, named the
hybrid controller (HC). One task of the HC is to control the different torque
sources, i.e. the ICE, the FAS or the RDU, so that the requsted torque from
the driver is accomplished. In the case with the RDU, the HC delivers a
reference torque and depending on the torque reference, instantaneous
vehicle speed and battery voltage the task of the field weakening controller
(FWC) is to produce current references for the current controller (CC). The
current references are chosen to give an optimal current, optimal in the sense
that the torque-per-current ratio is maximized, under the restriction of
keeping the stator voltage and current within their limits [29]. By minimizing
the torque-per-current ratio, the copper losses are minimized.
Many field weakening algorithms for IPMSMs have been published. Early
works are presented in [30]-[32]. More recent control techniques are
described in [33] and [34]. A similar field weakening technology to the one
presented in this thesis has been presented in [35]. The suggested control in
[35] is also based on pre-calculated look-up tables.
The FWC implemented in the Vacon control unit software is based on
comprehensive measurements of the machine. An algorithm is used to process
the data from the measurements. The output from the algorithm is look-up
tables that are implemented in the inverter control software. The block
diagram for the electrical drive of the RDU is shown in Figure 7.2.

7.3. Optimal Current and Field Weakening
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Figure 7.2 Block diagram of the RDU electrical drive.

Even though the FWC is based on measurements, equations describing the
ideal characteristics of the machine will be used to explain the function of the
FWC.
Optimal Current
The PMSM will in the following sections be studied in a synchronously
rotating reference frame, linked to the rotor of the machine. One of the axis
of the reference frame, denoted the d-axis, is assumed to be aligned with the
flux linkage of the rotor [37]. The other axis, referred to as the q-axis, is
orthogonal to the d-axis. It was concluded from the low current
measurements that the machine is constructed with buried magnets. Since
permanent magnets have almost the same permeability as air, the experienced
air gap along the d-axis will be wider than along the q-axis. The result from
this is that the q-axis inductance, Lq, will be higher than the d-axis
inductance, Ld. Apart from the magnetic alignment torque, this saliency
(Lq>Ld) will give rise to a torque called the reluctance torque [37]. The total
mechanical torque of the PMSM, Tm, can be expressed as

Tm =

p
(ψ m iq + ( Ld − Lq )id iq )
2

(7.1)
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where ψm is the permanent magnet flux linkage and id and iq are the d- and qaxis stator currents, respectively. The reluctance torque can be used to reduce
the stator current for a given torque, i.e. to maximize the torque-per-current
ratio. The stator current combinations that maximizes the torque-per-current
ratio can be calculated according to the following equations [31]

is = f (Tm* )
− ψ m + ψ m2 + 8(Ld − Lq ) is2
2

i =
*
d

4(Ld − Lq )

(7.2)

iq* = is2 − id2
*

where is is the stator current, T m is the reference torque. A LUT , f, is used to
*
*
map the reference torque into a stator current. The currents id and iq are the
d- and q-axis current references, respectively. The optimal current trajectory is
shown in Figure 7.3, path A.

Figure 7.3 Current circle diagram.

The current references can be used as long as the machine is operated below
*
*
base speed, i.e. in the constant torque region. The currents id and iq are the
references sent to the current controller to obtain the desired reference torque
*
T.
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As seen in Equation (7.2) the optimal current combination is dependent on
the inductances of the machine. In order for the current combination to be
optimal it is of importance that the variations of the inductances, due to
saturation, is well known. Since the inductance variations are nonlinear, it is
difficult to derive an algebraic expression. One way to overcome this problem
is to find the optimal current trajectory through careful measurements. The
FWC used in the Vacon inverter is based on measurements of the following
quantities as functions of the d- and q-axis currents

T = f T (id , iq )
u d = f ud (id , iq )

(7.3)

u q = f uq (id , iq )
Thus, the torque, T, the direct voltage, ud, and the quadrature voltage, uq,
have been measured for the combinations of the direct, id, and quadrature
current, iq, components spanning the desired operating range of the machine.
The measurements have been performed at a fixed electrical frequency, ωe.
Based on these measurements an algorithm has been used to search for the
optimal current trajectory. The result has been stored in look-up tables,
which are used in the control of the machine. Figure 7.4 shows the
measurements carried out on the PMSM used in the RDU.
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Figure 7.4 Mechanical torque, voltage in the d- and q-direction and stator flux as
functions of the currents in the d- and q-direction.

The figure shows how the torque, T, the direct voltage, ud, the quadrature
voltage, uq, and the stator flux modulus, ψs, depends on the stator current
components. The stator flux modulus has been derived as follows

ed (id , iq ) = u d (id , iq ) − Rs id
eq (i d , i q ) = u q (id , iq ) − Rs iq
es (i d , i q ) = ed (id , iq ) 2 + eq (i d , iq ) 2

ψ s (id , iq ) =

(7.4)

es (id , iq )

ωe

where ed and eq are the induced voltages along the d- and q-axis and es are the
total induced stator voltage. The stator flux modulus will be used later in the
derivation of the FWC.
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Field Weakening
The maximum torque and speed of the PMSM are limited by the maximum
output voltage, Usmax, and the maximum output current, Ismax, of the inverter
and the thermal limitations of the machine. The required voltage needed to
control the PMSM depends both on the stator current and on the electrical
frequency. By assuming steady state and neglecting the influence of the stator
resistance the relation between required voltage, current and electrical
frequency can be expressed as follows

u d = −ω e Lq iq

(7.5)

u q = ω e (ψ m + Ld id )

The PMSM can be operated with constant torque as long as the required
voltage does not exceed the maximum output voltage of the inverter
supplying the machine. The maximum output of the inverter is determined
by the DC-link voltage, Udc, and the type of PWM-modulation. In order to
fully utilize the DC-link voltage, modulation with zero sequence injection is
used [37]. This will give a maximum output voltage of the inverter equal to
Udc/ 2 .
If no field weakening is used, the consequence of reaching the voltage limit is
that the torque will fall to zero. A more severe consequence might be that the
current controller becomes unstable. To prevent this and to be able to operate
the machine for a wider speed range field weakening must be used. Hence,
the required stator voltage should be limited to the maximum output voltage
of the converter, yielding the following relation

(L i ) + (ψ
2

q q

+ Ld id )

2

m

⎛U
⎞
≤ ⎜⎜ s max ⎟⎟
⎝ ωe ⎠

2

(7.6)

Field weakening with constant torque can be accomplished by forcing the daxis current away from the optimal current trajectory along path C in Figure
7.3. The d-axis current can be seen as a demagnetizing current opposing the
flux from the permanent magnets keeping the stator voltage within its limit.
The current in the field weakening region is not optimal, i.e. maximizes the
torque-per-current ratio, but the machine can be operated with constant
torque in a wider speed range. By combining Equation (7.1) and (7.6) it can
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be seen that the current references depend on the reference torque, the
maximum output voltage of the inverter and the electrical frequency. This
can be summarized in the following relations

id* = f d (T * , ω e , U s max )
iq* = f q (T * , ω e , U s max )

(7.7)

The current references will not be calculated using Equation (7.1) and (7.6),
but will be based on the measurements mentioned earlier. This will guarantee
that the saturation effects of the stator inductances are included in the
control. If the relations in Equation (7.7) is used, three dimensional look-up
tables have to be implemented in the inverter control software. That can
however be avoided by using the relation between stator flux, electrical
frequency and maximum output voltage of the inverter. The quantities are
related according to

ψs =

U s max

ωe

(7.8)

Hence, the dimension of the look-up tables can be reduced to two if on-line
calculation of the stator flux modulus is added in the control software. The
current references are then given by

ψs =

U dc
2ω e

id* = f d (T * , ψ s )

(7.9)

i = f q (T , ψ s )
*
q

*

In order to keep the current within the limits given by the inverter or the
thermal characteristics of the machine, the following relation must hold

i d2 + i q2 ≤ I s2max

(7.10)

That is, the current must be kept inside the current limit circle shown in
Figure 7.3. Once the current limit is reached, the current has to be reduced
along path D in Figure 7.3 for increasing speeds and decreasing battery
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voltages. The algorithm used to produce the current reference look-up tables
takes the current limitation into account.
Algorithm
An algorithm has, as mentioned before, been used to derive look-up tables for
the current references. The input to the algorithm is the measurements
described above. The basic function of the algorithm is to scan all
combinations of possible stator flux levels and reference torques. The
algorithm chooses, during the scan, the current combinations according to.
Table 7.2 Selection of current references according to the FWC algorithm.
Current
limited

Voltage
limited

X

X

-

X

X

-

-

-

Action
Current combinations are chosen along the current
limit circle and within the flux ellipses (path D in
Figure 7.3).
Current combinations are chosen along the constant
torque lines and within the flux ellipses (path C in
Figure 7.3).
Current combination for maximum torque is used
(point B in Figure 7.3).
Current combinations along the optimal current
trajectory are used (path A in Figure 7.3).

Before the algorithm can be used on the measurements, some parameters
have to be defined. The minimum stator flux level, ψmin, is determined by the
minimum DC-link voltage, Udcmin, and the maximum electrical frequency,
ωemax, according to Equation (7.8). The maximum stator flux level, ψmax,
should be chosen so that the maximum torque is inside the flux ellipse, see
Figure 7.5. This will minimize the dimension of the resulting look-up tables.
When these parameters are specified the algorithm scans all combinations of
torque reference values, spanning from 0 to Tmax, and flux levels, spanning
from ψmin to ψmax. The result of the algorithm applied on the measurements
presented in Figure 7.4 is shown in Figure 7.5.
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0.8

Decreasing stator flux
0.6

0.4

iqn [p.u.]

0.2

Constant
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Optimal current trajectory
-0.8
-0.8

-0.6

-0.4

-0.2
idn [p.u.]

0

0.2

0.4

Figure 7.5 Stator current combinations for different torque and flux levels chosen
by the algorithm.

It can be seen in Figure 7.5 that the current combinations are chosen
according to Table 7.2. The current combinations chosen are stored in two
look-up tables, one for the direct and one for the quadrature current
reference. Figure 7.6 shows these two look-up tables. For clarity, Figure 7.6
also shows the current references for one fix DC-voltage level as a function of
reference torque and electrical frequency.
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Figure 7.6 Look-up tables for the current references.

The results from the algorithm can be used to calculate the maximum and
minimum torques as functions of the stator flux, the result is shown in Figure
7.7.

1
0.8
0.6
0.4

T*limn [p.u.]

0.2
0
-0.2
-0.4
-0.6
-0.8
-1
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

ψsn [p.u.]

Figure 7.7 Maximum and minimum torque as functions of the stator flux modulus.
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The torque limits of the machine are stored in two look-up tables, which are
used to limit the torque reference from the HC. This prevents the FWC to
read outside the boundaries of the current reference look-up tables, which
could lead to instability problems. The use of the torque limit look-up tables
are shown in Figure 7.2.
Implementation of Look-up Tables
The two dimensional look-up tables, produced by the algorithm, are
implemented as vectors in the controller software. By indexing the vector
correct it can be used as a two-dimensional look-up table. Figure 7.8 shows
how the two-dimensional look-up table is mapped into a vector.

Figure 7.8 Two-dimensional look-up table mapped to a vector.

The correct index for the vector, based on the reference torque and the stator
flux, can be calculated as follows

kT =

T*

βT
ψ
kψ = s
βψ
k i = kψ + lψ k T

(7.11)
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where kT is the torque index, kψ is the flux index, ki is the current index and
the constants βT and βψ are the resolutions in the torque and the flux
respectively. Furthermore, the constant lψ is the number of elements in the
flux vector. Because of the limited memory space of the control system a low
resolution has been used. In order to still get an accurate control, bilinear
interpolation between values has been implemented in the controller
software.

Chapter 8
Thermal Modeling and
Implementation of Over
Temperature Controller
Thermal tests have been carried out in order to determine the thermal
characteristics of the machine and to derive a thermal model. It will be shown
here that a first order model is enough for describing the winding
temperatures, with an acceptable accuracy. The model can be used to
calculate the time left before reaching the maximum allowed temperature,
which can be useful information for the HC in the task of optimising the
energy management. The time calculated is of course highly dependent on
the operating point of the machine and the temperature of the cooling liquid.
In order to prevent the electrical machine from overheating, some kind of
temperature controller has to be implemented. A thermal model will greatly
simplify the design of such a controller.

8.1

Measurements

In order to study how different operating points, i.e. different combinations
of torque and rotational speeds, affect the temperatures of the windings, seven
different measurements have been carried out. The following combinations of
torque, Tmech, and rotational speed, fe, have been studied.
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Table 8.1 Thermal measurement speed and torque combinations
Tmech [Nm]
50
0
30
50
0
30
50

fe [Hz]
100
200
200
200
300
300
300

During the measurements, the quantities presented in Table 8.2 were
recorded.
Table 8.2 List of quantities recorded during the measurements.
Parameter

Description

Unit

Tw1

Winding temperature 1

ºC

Tw 2

Winding temperature 2

ºC

in
Tcon

Temperature of the cooling liquid entering the
converter
Temperature of the cooling liquid leaving the
converter.
Temperature of the cooling liquid leaving the
electrical machine.
Water flow rate

L/h

Ambient temperature

ºC

I rms

RMS-value of the phase current

A

I dc

DC-current

A

U dc

DC-voltage

V

Pcon

Active power leaving the converter

W

out
Tcon
out
TRDU

Q
Ta

in
(= TRDU
)

ºC
ºC
ºC

Figure 8.1 shows all of the different temperatures presented in Table 8.2 for
one specific operating point, Tmech = 30 Nm, fe = 200 Hz.
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(a)

(b)

100

33
32

Tin
, Tout
, Tout
[ °C ]
con
con
RDU

90

Twind1, Twind2

80
70
60
50

10
20
t [min]

30
29
28
in

27

Tcon

26

Tcon

out

Twind1
Twind2

40
0

31

30

25
0

out

TRDU
10
20
t [min]

30

Figure 8.1 Winding temperatures (a) and cooling liquid temperatures (b) for the
operating point, Tmech = 30 Nm, fe = 200 Hz

8.2

Modeling and Parameter Estimation

The purpose here for developing a thermal model is to determine how
different operating points affect the winding temperature. Since copper losses
are the dominating source of power loss, the windings will experience the
highest temperature of the consisting parts of the machine [39]. If the
winding temperature is kept at a reasonable level there is no risk for
overheating the magnets. A thermal model of an electrical machine can be
made very complex. The heat transfer in electrical machines is a combination
of conduction, convection and radiation. Conduction is transfer of thermal
energy, originating from surface contacts of solid materials, whereas
convection is heat transfer from surfaces that are in contact with air or
cooling fluids [38]. A tempered body will, in addition to this, emit
electromagnetic radiation due to its temperature. The machine is modelled as
a homogenous body with thermal storage capacity and only thermal energy
transfer due to convection is considered. This is a rather rough
approximation. However, for the purpose of preventing the windings of the
machine from overheating, it will be seen that a first order model is sufficient.
The thermal model consists of a power source, representing both the copper
and the iron losses in the machine, and a transient thermal impedance. An
equivalent circuit of the transient thermal impedance is shown in Figure 8.2.
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Figure 8.2 Equivalent circuit of the transient thermal impedance.

The parameter Ploss represents the losses and Rth and Cth the thermal resistance
and the thermal capacitance, respectively. The thermal resistance is a measure
of how a material resists the flow of heat, whereas the thermal capacitance is
the ability of a body to store heat as it changes in temperature. Moreover, Tw
and Tc are the winding temperature and the cooling liquid temperature,
respectively. The differential equation describing the model is given in
Equation (8.1).

C th

dTw (t )
T (t ) − Tc (t )
= Ploss (t ) − w
dt
Rth

(8.1)

This equation can be solved by using the Laplace transform, considering Ploss
and Tc as input signals.

Rth Cth ( s − Tw0 )Tw ( s ) + Tw ( s ) = Ploss ( s ) Rth + Tc ( s )

⇒ Tw ( s ) =

Ploss ( s ) Rth + Tc ( s )
Tw 0
+
Rth C th s + 1
Rth C th s + 1

⇒
(8.2)

The parameter Tw0 is the initial temperature of the winding. Equation (8.2)
can easily be transformed back to the time domain by using partial fraction.
The input signal Ploss is assumed to change stepwise while the input signal Tc is
assumed to be a ramp. Figure 8.1 shows that the later assumption is a good
approximation. Hence, Tc will be on the form

Tc (t ) = k Tc t + Tc 0

(8.3)
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representing a straight line with the gradient k and the starting temperature
Tc0. These two parameters are derived based on the measurements for the
operating points presented in Table 8.2. Equation (8.2) together with
Equation (8.3) can then be transformed to the time domain
t
−
⎛
Rth Cth
⎜
ˆ
ˆ
Tw (t ) = Ploss Rth + Tc 0 − k Tc Rth C th 1 − e
⎜
⎝

(

)

t
−
⎞
⎟ + k t + T e Rth Cth (8.4)
w0
⎟ Tc
⎠

Equation (8.4) can be simplified to

(

)

Tw (t ) = C 1 − e − kt + k Tc t + Tw0 e − kt

(8.5)

The parameters k and C are unknown and are estimated from the
measurements, by the use of the least-square method. The function in
Equation (8.5) is fitted to the temperature measurements for each operating
point. There are several different methods for solving nonlinear least squares
problems. The method used here is the damped Gauss-Newton method.
Since the inverse of the parameter k represents the time constant of the
system, it should be independent of the operating point under the
assumption that the flow of the cooling liquid is kept constant. Hence, k is
kept constant and C, which represents the end temperature of the winding, is
determined by least squares. This is done for several different values of the
parameter k and the value yielding the smallest residual are chosen. The result
of the minimisation is presented in Table 8.3.
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Table 8.3 Parameter values obtained from the least square minimization.

k = 0.00264 s

Mechanical torque, Tmech
[Nm]

-1

0

30

50

X

X

C11 = 137

X

X

C12 = 123.5

C21 = 45.5

C31 = 86.5

C41 = 153

C22 = 46

C32 = 81

C42 = 138.5

C51 = 56

C61 = 109.5

C71 = 170.5

C52 = 56.5

C61 = 104.5

C72 = 158.5

[Hz]

Electrical frequency, fe

100

200

300

-1

The optimal k was proven to be 0.00264 s , which corresponds to a time
constant of 379 s. Figure 8.3 below shows the relative error between the fitted
model and the measurements, as a function of time.
2
1.5

Estimation error [%]

1
0.5
0
-0.5
-1
-1.5
-2
0

5

10

15

20

t [min]

Figure 8.3 Relative error between measurements and fitted curve.
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The main thing that can be seen in Figure 8.3 is that a first order model fits
the measurements quite well. It should be noted that the maximum error
between the measurements and the fitted curve is only 1.8 %, which in this
application is considered to be an acceptable error level.
To be able to calculate the end temperature for operating points not
measured the model has to be extended to explicitly incorporate both the
copper and the core losses. Core losses can be modelled by using Steinmetz
equation [39]

p Fe = k h Bαp f + k e B 2 f 2

(8.6)

where pFe is the specific loss, Bp is the peak value of the flux density, f is the
frequency and kh, and, ke are machine specific constants, which normally are
determined experimentally. The first part of Steinmetz equation is the
hysteresis loss and the second part is the eddy current loss. To limit the
number of unknowns, Equation (8.6) is simplified to

PFe = K ω eψ s

γ

(8.7)

including a dependency on both the magnetic flux and frequency, where PFe is
the core loss, ψs is the stator flux, K and γ are machine specific machine
parameters. The final loss model, which incorporates both the copper and the
core losses, is equal to

Ploss = Rs i s2 + K ω eψ s

γ

(8.8)

where Rs is the resistance of one stator phase winding, is is the stator phase
current, and ωe is the electrical frequency. The final relation for calculating
the winding temperature can then be obtained by combining Equation (8.4)
and (8.8), yielding

((

Tw (t ) = Rs is2 + K ω eψ s
+ kTc t + Tw0 e

t
−
Rth Cth

γ

)R

th

)

t
−
⎛
+ Tˆc 0 − kTc Rth Cth ⎜1 − e RthCth
⎜
⎝

⎞
⎟+
⎟
⎠

(8.9)
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By comparing Equation (8.5) and (8.9), the following relation is obtained

(R i

2
s s

+ K ω eψ s

γ

)R

th

+ Tˆc 0 − k Tc Rth C th = C

(8.10)

There are three unknown parameters that have to be determined and again
the methodology of least-squares are used. Equation (8.10) are rearranged to
a more suitable form that can be used in the minimization
γ
Rs i s2 Rth + KRth ω eψ s Rth = C − Tˆc 0 + k Tc Rth C th

⇒

⎧a = Rth
⎫
⎪b = KR
⎪
th
⎪
⎪
⎪⎪c = γ
⎪⎪
c
⇒ ⎨
⎬ ⇒ aX + bY = Z
2
X
=
R
i
s s
⎪
⎪
⎪Y = ω eψ s
⎪
⎪
⎪
⎪⎩Z = C − Tˆc 0 + k Tc Rth C th ⎪⎭

(8.11)

The optimal values of the parameters in Equation (8.11) are presented in
Table 8.4. These values in combination with the optimal value of the time
constant can finally be used to determine the parameters of the transient
thermal impedance. The values of these parameters are also presented in
Table 8.4.
Table 8.4 Parameter values obtained from the least square minimisation and
parameters recalculated to transient thermal impedance parameters.
Parameter
a1
a2
b1
b2
c1
c2
k1
k2

Optimal value
0.161
0.141
1.181
1.215
0.213
0.183
0.00264
0.00264

Parameter
Rth1
Rth2
Cth1
Cth2
K1
K2

γ1
γ2

Optimal value
0.213
0.183
1782
2066
0.757
0.767
1.181
1.215
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With an estimate of all necessary parameters, a comparison between the final
model presented in Equation (8.9), with the optimal parameters presented in
Table 8.4, and the measured values are performed and presented in Figure
8.4(b). A comparison between the fitted curve, corresponding to Equation
(8.5) and the final model is also carried out and presented in Figure 8.4(a)
(b)
5

4

4

3

3

2

2

Estimation error [%]

Estimation error [%]

(a)
5

1
0
-1
-2

1
0
-1
-2

-3

-3

-4

-4

-5
0

10
t [min]

20

-5
0

10
t [min]

20

Figure 8.4 Relative error between fitted curve and final thermal model (a) and
relative error between measurements and final thermal model (b).

Figure 8.4 shows that the error between the fitted curve and the final thermal
model is within 4%. It can also be seen that the maximum error between the
final thermal model and the measurements is within 5%.
With the final model determined the end temperature for all different
operating points can be calculated. Figure 8.5 shows the end temperature for
the combinations of all permitted torques and vehicle speeds. The DCvoltage and the temperature of the cooling liquid are in Figure 8.5 assumed
to be equal to 300 V and 25 ˚C, respectively.
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Figure 8.5 Winding end temperature as a function of torque and vehicle speed.
Temperature of the cooling liquid and DC-voltage are equal to 25 ˚C
and 300 V, respectively.

Equation (8.9) shows that the end temperature of the windings depends, as
expected, both on the torque and vehicle speed. However, Figure 8.5 shows
that the end temperature is much more dependent on torque than on vehicle
speed. Apart from showing the end temperature for the windings, Figure 8.5
also shows the maximum torque as a function of vehicle speed. The machine
enters the field-weakening region when the speed is about 80 km/h. For
torque levels above 40 Nm it can be seen that the temperature rises much
more quickly in the field weakening region. This is due to the larger current,
originating from the demagnetization current, and the fact that the copper
losses are the dominating type of losses.
The time constant is, as has been mentioned before, somewhere around 6
minutes. This relatively large lag between power loss and rise in temperature
can be utilised to overload the machine, without exceeding the rated
temperature. The maximum allowed winding temperature for the IPMSM is
120 ˚C. If operating points below the maximum temperature curve are
chosen the machine can be used in continuous duty. However, only
operating the machine in this area would significantly decrease the
performances of the traction drive.
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In order to make full use of the machine performances, short time use of
operating points outside the continuous operating area has to be permitted.
This type of operation, when the time of operation is considerably lower than
the thermal constant, is often referred to as short time intermittent duty [41].
If this type of operation is permitted, it is possible to overload the machine.
Overloading is possible until the temperature reaches its maximum, once this
occurs an operating point within the continuous operating area has to be
used. The time before reaching the permissible limit can be calculated by
rearranging Equation (8.9), yielding

t120 = − Rth Cth ⋅ ln

((
− ((R i

γ

Tw max − Rs i s2 + K ω eψ s
Tw 0

2
s s

+ K ω eψ s

γ

)R

)R

th

th

+ Tc

+ Tc

)

)

(8.12)

Figure 8.6 shows the time it takes for the temperature to reach the
permissible limit for all operating points of the machine. This time depends
not only on the operation point, but also on the temperature of the cooling
liquid, the initial temperature of the machine and the DC-voltage.
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Figure 8.6 Time left, in minutes, before reaching the maximum temperature. The
temperature of the cooling liquid is 25 ˚C, the initial temperature of the
winding is 40 ˚C and the DC-voltage is 300 V.

It can be seen that Figure 8.6 is very similar to Figure 8.5, both of them
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having a continuous and an intermittent operating area. Operation points
within the intermittent operating area can, in contrast to operation points
within the continuous operating area, only be used for a finite time. The
shortest operating time, with the initial values stated, is around 2 minutes.

8.3

Thermal Model Validation

In order to determine the accuracy of the proposed thermal model, derived in
Chapter 8.2, a test drive with the real hybrid vehicle was carried out. The
drive lasted for 5 minutes and contained several accelerations and
retardations. The mechanical torque used during the drive and the obtained
vehicle speed can be seen in Figure 8.7(a), note that the mentioned quantities
are normalized. The temperatures of the stator windings were measured and
two of these temperatures are presented in Figure 8.7(b). It can be seen in the
figure that the temperatures are fluctuating quite a lot. This is due to the
temperatures only having a precision of one degree Celsius. Hence, the
measurements where filtered using a moving average filter, taking the mean of
30 adjacent data points.

Tmech, v [p.u.]

Twind1,Twind2 [°C]

(a)
60

Tw unfiltered
Tw filtered

40

Tw simulated
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(b)
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0.5
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Figure 8.7 Unfiltered, filtered and simulated winding temperatures (a). Normalized
torque and vehicle speed logged during the drive.

The logged data from the drive were then used as input to validate the
proposed model. A simulink model representing the thermal model where fed
with the data obtained from the drive, i.e. reference torque, vehicle speed and
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DC-voltage. The simulated winding temperatures are presented in Figure
8.7(a). It should be pointed out that the temperature of the cooling liquid
were not available during the drive. However, a reasonable assumption is that
the cooling liquid temperature is equal to somewhere near room temperature.
Thus the temperature is set to 20˚C in the simulation presented in Figure
8.7. To study the effect of a change of the cooling liquid temperature, two
simulations with the cooling liquid temperature equal to 15˚C and 25˚C
were carried out. The result of the simulations is shown in Figure 8.8.
(a)
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Figure 8.8 Temperature deviation (a) and relative error (b) of the proposed model
and measurements for two different cooling liquid temperatures.

It can be seen that, when the cooling liquid temperature is increased from
15˚C to 25˚C, the maximum temperature deviation increases from 2˚C to
5˚C and the relative error is increased from 4% to 7%. This shows that the
relative error of the proposed model is kept within reasonable limits even
though the temperature of the cooling liquid is increased.
To sum up, even though a rather rough thermal model of the electrical
machine, the model manages to describe the winding temperature quite
accurately. As mentioned above the maximum relative error between
measurements and the proposed model is, during the drive, limited to 7%.
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Over Temperature Controller

In order to prevent the machine from overheating, some kind of over
temperature controller (OTC) has to be implemented. The basic function of
the OTC presented here is to limit the available torque for the HC, when the
winding temperature approaches its permissible limit. By limiting the torque,
the stator currents will be lower, which corresponds to lower copper losses.
The torque available after reaching the limit depends on the DC-voltage,
vehicle speed and temperature of the cooling liquid. The structure of the
OTC is presented as a block diagram in Figure 8.9.

Figure 8.9 Block diagram of the OTC.

The block called OTC on/off is a relay, which sets its output high, i.e.OTC
on, when the winding temperature reaches 90 % of its permissible limit. If
the temperature of the winding starts to decrease the OTC will continue to
be on, until the temperature has fallen below 90% of the on-temperature, i.e.
below 81% of the permissible limit. If the OTC is off the torque reference
from the HC will only be limited by the FWC. However, once the winding
temperature reaches its permissible limit, the OTC will be the controller
limiting the torque. This is done by using Equation (8.9) and set Tw to the
maximum temperature, i.e.120 ˚C, and solve the equation for the stator
current, is, see Equation (8.13) below. The stator current are then used
together with the stator flux modulus, calculated according to Equation (7.8),
to get the corresponding torque from a look-up table. The derivation of the
OTC torque limit can be summarised as follows

8.4. Over Temperature Controller

(R i
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+ K ω eψ s

2
s s

γ

)R

th

+ Tc = Tw max

Tw max − Tc − Rth K ω eψ s

is =

Tlim = f (i s ,ψ s )

γ

Rth Rs

(8.13)

In order to smoothen the transition between the FWC- and the OTClimitation of the torque, a low-pass filter has been introduced in the control
loop. The cut-off frequency of the filter, ωc, is chosen to 0.2 rad/s, which
corresponds to a rise or fall time, tr, of approximately 10 s. This choice of cutoff frequency is a reasonable trade-off between the rate of torque capability
reduction and overshoot of the winding temperature.
In order to validate the proposed OTC, simulations has been carried out. A
model of the RDU and an implementation of the proposed OTC were
implemented in Matlab/Simulink. The complete system was simulated using
a somewhat modified NEDC driving cycle. The result of the simulation is
shown in Figure 8.10 and Figure 8.11. The whole simulation is not shown in
the figure for clarity. The initial temperature of the winding is set to 58 ˚C
and the DC-voltage and the temperature of the cooling liquid are assumed
constant and equal to 300 V and 25 ˚C, respectively.
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Figure 8.10 Simulation results of the OTC.
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Figure 8.10(a) shows the reference speed, vref, originating from the driving
cycle and the actual speed, vact. It can be seen that the actual speed follows the
reference speed quiet well. Figure 8.10(b) shows the winding temperature
with and without an OTC. In the case with an OTC it can be seen that when
the temperature approaches 90% of its permissible limit it is limited, in
contrast to the case without an OTC where the temperature continues to
increase. The reason for this can be seen Figure 8.11(a).
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Figure 8.11 Simulation results of the OTC.

Once the temperature hits the limit, the OTC becomes active and the torque
is limited according to Equation (8.13). The limitation of the torque is
consequently shifted from the FWC to the OTC. When the temperature
decreases and the OTC eventually is deactivated, the limitation of the torque
is shifted back to FWC. Figure 8.11(b) shows the time, which is denoted t120,
that is left before the maximum temperature is reached. It should be noted
that for operating points within the continuous operating area, t120 will be
infinitely large. However, to be able to present t120 graphically, all times
exceeding 5 minutes has been clamped to this value.

Chapter 9
Conclusions on Control of Electrical
Drives in HEVs
The second part of the thesis is devoted to the development of electrically
driven rear axle for a HEV. A rear drive unit, consisting of a electrical
machine, planetary gear and a differential, was provided by SAAB. Focus is
on control and thermal modeling of the electrical machine.
A FWC is developed and implemented in the control system of the converter
controlling the electrical machine. The main task of the FWC is to produce
current references for the converter current controller given a torque
reference, commanded by the superior hybrid controller. The current
references are chosen so that the magnitude of the stator flux is kept within its
limits, given by the DC-voltage and vehicle speed. The proposed FWC uses
pre-calculated look-up tables based on comprehensive measurements of the
machine. By using look-up tables, fast dynamic torque control is obtained
and machine non-linearities are incorporated in the control. The fast field
weakening performance is important in a HEV since the battery voltage
undergoes rapid variations, during accelerations. In addition to this, the FWC
minimizes the torque-per-current ratio by, for a given torque, using the
current combination yielding the minimal stator current. The FWC offers a
precise torque control over a wide speed range.
A thermal model for the winding temperatures of the machine is derived. The
thermal modeling is carried out in two main steps. In the first step a first
order model containing two unknown parameters are used. The unknowns
are the end temperature of the winding and the time constant of the system.
The parameters are determined by fitting the model to thermal data obtained
from several measurements. In step two, a loss model, containing both copper
and iron losses, is incorporated in the model. A new model fitting procedure
is performed and the final model error is proven to be reasonable small. The
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final model has been validated against measurements from a testdrive. The
maximum relative difference between the proposed model and the data from
the testdrive was only 7%. This level of model accuracy is considered
sufficient and no model enhancement is carried out.
Based on the thermal model, an OTC is developed, preventing the machine
from overheating. The OTC limits the available torque that can be requested
from the HC, when the winding temperature approaches its maximum limit.
The torque limitation is made in a smooth manner to maintain drivability.
The operation of the OTC is verified by simulations and the results are
satisfactory.

Chapter 10
Concluding Remarks and Future
Work
10.1

Summary of Findings

The conclusions for the two parts of the thesis have been given in Chapter 6
and Chapter 9 and will here be summarized.
Energy Management in Hybrid Electrical Vehicles
A rather simple heuristic control strategy is discussed. The heuristic control
strategy benefits from being simple and robust, and the strategy does not
show any significant cycle-beating trait. The strategy can be used in real-time
and is not only restricted to simulations. It has also been shown that the often
mentioned drawback of heuristic control strategies, i.e. the difficulty in
tuning the controller parameters, does not apply to the optimal operating line
strategy.
The core of the operating line strategy is to operate the ICE along its optimal
operating line, i.e. where the highest efficiency is achieved for every given
power level. In order to accomplish this, it is important that the correct
number of gears and the correct individual gear ratios are chosen. As a
consequence of this, the importance of adapting the gearbox to the hybrid
powertrain has been pointed out. Optimization of the gear ratios for a 5- and
6-speed gearbox shows that the fuel consumption is decreased with 13% and
6%, respectively. This is accomplished without any decrease in the
acceleration performance compared to the conventional vehicle. Both the
standard and the optimized 6-speed gearbox proved to fulfill the acceleration
goals stated.
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Since the vehicle has two electrical machines, there is an additional split to
consider, in addition to the split between the thermal and the electrical side.
A split based on pre-computed look-up tables, where the split giving the
highest electrical machine efficiency, is proposed. It is also pointed out that
the split is subordinated the stability control system of the vehicle, and will
there by be overruled for some driving situations.
In order to evaluate the performance of the optimal operating line strategy, in
terms of fuel consumption, global optimization is used to obtain an optimal
solution to the HEV control problem. The global optimization method used
is the DP and the results show that the optimal operating line strategy gives a
relatively near-optimal result. The relative difference in fuel consumption is
for the US06 and combined cycle approximately 9% and approximately 7%
for the NEDC cycle.
Control of Electrical Drives in Hybrid Electrical Vehicles
A FWC which offers fast field weakening performance and which minimizes
copper losses is proposed. The FWC is effective and simple since it is based
on look-up tables. The look-up tables are obtained from comprehensive
measurements of the machine. The use of look-up tables has two advantages,
fast dynamic torque control and the incorporation of machine non-linearities
in the control. Fast field weakening performance is important, since the
battery voltage in HEVs is subject to large variations.
It has been shown that a rather accurate thermal model can be obtained using
only a first order model. A simple thermal model, with an incorporated loss
model is proven to give a reasonable accuracy for the winding temperature.
The model parameters is obtained by fitting the proposed model to data
obtained from several measurements. The proposed model is validated against
a test drive with the reference vehicle, and the relative error for the winding
temperature was limited to 7%.
The proposed thermal model forms the basis for the development of a over
temperature controller. The task of the OTC is to limit the available torque
that can be requested from the overall hybrid controller, to prevent the
machine from overheating. To maintain drivability, the torque limitation is
lowered gradually. The OTC has been implemented in the simulation model
of the reference vehicle and the results are satisfactory.

10.2. Future Work

10.2
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This section is devoted to ideas of future work, which would be a
complement to the results presented in thesis.
The heuristic control strategy that has been discussed and optimized in the
thesis has not been validated experimentally. It would be of great interest to
see the actual performance of the strategy implemented in the reference
vehicle and compare the result to the simulation results. One other aspect of
the implementation in a real vehicle is the study of the drivability. How the
driver will experience the ICE being shut off for some driving conditions, is
an interesting issue that should be investigated further.
The performance criteria for the control strategy studied in the thesis have
been the fuel consumption. Low fuel consumption will give rise to low
carbon dioxide emission levels. However, this is not the only emitted
emission and nothing has been said about other emissions, such as unburned
hydrocarbons (HC), carbon monoxide and oxides of nitrogen (NOx).
Extending the simulation model presented in the thesis with an emission
model would be one of the main goals for future work.
Experimental investigations of the proposed over temperature controller
would be of interest, since it has only been validated through simulations.
The thermal measurements has shown that the RDU can be run at its present
maximum torque level for up to 2 minutes. This indicates that the maximum
torque level could be increased, with better acceleration performance as a
result.

.
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Appendix A
Battery Model
The battery model used in this thesis is based on the simple circuit model
shown in Figure A.1. It consists of a voltage source and a series resistance.

Figure A.1 Battery model.

The voltage of the internal voltage source, ebat, and the internal resistance, rbat,
have both a nonlinear dependency on the SOC. Thus, this rather simple
model can be made quite accurate since ebat and rbat are based on extensive
measurements.
The terminal power, Pterm, entering the battery can be expressed as
2
Pterm = ebat ibat + rbat ibat

(A.1)

where the current ibat can be solved for, yielding the following expression

ibat = −

⎛e
ebat
+ ⎜⎜ bat
2rbat
⎝ 2rbat
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⎞ Pterm
⎟⎟ +
⎠ rbat

(A.2)

120

Appendix A. Battery Model

The losses in the battery is
2
Ploss = rbat ibat

(A.3)

and the efficiency can finally be derived as

η bat =

Pterm − Ploss
Pterm

(A.4)

Hence, the battery efficiency depends both on SOC and on the rate of power
either entering or leaving the battery. The SOC variations can be expressed
as

Qmax

dSOC
= ibat (t )
dt

(A.5)

where Qmax is the maximum charge of the battery. This expression can be
transformed to the following expression

Wbat

dSOC
= Pterm (t ) − Ploss (t )
dt

(A.6)

by replacing charge with energy and current with power. Wbat is the specific
battery energy presented in Table 3.4. Taking the integral of this expression,
yields the SOC-variations as a function of time

1
SOC (t ) = SOC (t 0 ) +
Wbat

t

∫P

term

t0

(v) − Ploss (v) dv

(A.7)

Appendix B
SOC Controller Gain
The derivation of the SOC controller gain kSOC is based on Equation (A.6)
and Equation (4.7). The two equations are repeated here for clarity.
− sign ( PEM )
Wbat pSOC = Pterm (t ) − Ploss (t ) = PEM η batη EM

PEM (t ) =

pτ ICE
1 + pτ ICE

⎛ *
k
⎜⎜ Pwh (t ) − SOC SOC * − SOC (t )
pτ ICE
⎝

(

(B.1)

)⎞⎟⎟
⎠

(B.2)

By combining and rearranging Equation (B.1) and (B.2), the transfer
function for the SOC can be obtained.

⎛
⎜
k SOC
η batη
⎜
SOC (t ) =
SOC * −
− sign ( PEM )
⎜
Wbat
k
η
η
1
SOC
⎜ p2 +
p + bat EM
⎜
W
τ
ICE
bat
⎝
(B.3)
⎞
⎟
pτ ICE
*⎟
−
Pwh ⎟
− sign ( PEM )
k SOC
η batη EM
1
2
⎟
p +
p+
⎟
Wbat
τ ICE
⎠
− sign ( PEM )
EM

*

Pwh is here considered a disturbance. The poles for the open loop transfer
function can be computed by considering the characteristic equation and
compare it with a standard characteristic equation for a second order system.
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⎧ p 2 + 2ςω n p + ω n2
⎪
− sign ( PEM )
⎨ 2
k SOC
η batη EM
1
p+
⎪p + τ
Wbat
ICE
⎩

⎧ 1
= 2ςω n
⎪τ
⎪ ICE
(B.4)
⇒ ⎨
− sign ( PEM )
k SOC
2
⎪η batη EM
= ωn
⎪⎩
Wbat

ζ is the relative damping of the system and has to be chosen. The relative
damping should not be chosen smaller than 1/ 2 , to avoid oscillatory
behavior in the SOC control loop. Equation (B.5) gives the final expression
for kSOC.

k SOC =

Wbat
− sign ( PEM )
4ς η batη EM
τ ICE
2

(B.5)

Appendix C
Driving Cycles
Given bellow is a short summary of the driving cycles used in thesis. Figure
C.1 shows the six different driving cycles and Table C.1 contains data, such
as duration, distance, average speed and maximum speed, for the cycles.

Figure C.1 The different driving cycles used in the thesis.
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Table C.1 Driving cycles used for simulation in the thesis.

NEDC
1
US06
FTP72
NYC
HWFET
FIGE

Duration
[s]
1180
600
1369
598
765
1800

Distance
[km]
11,0
12,9
12,1
1,89
16,5
29,49

Max. Speed
[km/h]
120,0
129,2
91,2
44,6
96,4
91,1

Average speed
[km/h]
33,4
77,2
31,5
11,4
77,7
58,9

It should be pointed out that the US06 cycle shown in Figure C.1, consists of
two US06 cycles, and it is this cycle that is used in the thesis when the US06
is referred to. The data for the cycle in Table C.1 is, however, only given for
one cycle.

