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Abstract

Electric Hybrid Vehicles, EHV, are under development to provide lower fuel
consumption levels and minimize the environmental pollution compared to
pure Internal Combustion Engine, ICE, driven vehicles. The EHV is more
complex and thus carry many more extra parts than the pure ICE based
vehicle. Competing against the pure ICE vehicle in the sense of non-
expensive mass production is hard.

This thesis is a result of a research project with the goal to develop a complete
Belt driven Alternator and Starter, BAS, system for a Stop&Go functionality
as a cost-effective hybrid vehicle solution. BAS is based on a Series
Magnetized Synchronous Machine, SMSM, which as an adjustable-speed
drive system comprises power electronics but excludes permanent magnets.

BAS is a rather old concept. It merges two functions, an electric starting
motor and an generator, into one single electric machine. It thereby makes
the total system lighter and smaller. Furthermore, it facilitates technology
leaps on the road towards mass production of electric hybrid vehicles.

The developed BAS system is suitable for a midrange passenger vehicle. The
Stop&Go functionality provides an ICE turn-off at each vehicle stop. The
SMSM is, in addition to generating electricity and starting the ICE, intended
to support the ICE with an additional torque when it is assumed beneficial in
the sense of reaching low fuel consumption.

Topics in the field of power electronics and control of the SMSM that are
covered in this thesis are:

e Simulations on vehicle basis are performed for optimizing the rated
power of the electric machine and its power electronics in the sense
of low fuel consumption.

e The Series Magnetized Synchronous Machine, SMSM, and the
theory lying behind it are presented. The SMSM is carefully
investigated both magnetically and electrically.



e A simulation model for the SMSM is derived based on the
theoretical model that describes the SMSM.

e Based on the theoretical model of the SMSM, dedicated current
controllers are derived. Other types, as standard PI controllers and a

so-called field voltage vector feed forward controller are investigated
and simulated for control of the SMSM.

e The SMSM is tested in laboratory environment for confirming the
behaviour of the derived model of the adjustable-speed drive system
including its power electronics.
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Chapter 1
Introduction

1.1 Research objectives

The objectives of this thesis are to develop parts of an assistive electric drive
for a midrange passenger vehicle based on a Series Magnetized Synchronous
Machine (SMSM). The electric drive shall be able to apply Stop&Go
functionality and to add an additional torque at lower speeds were the
Internal Combustion Engine (ICE) does not perform very well in terms of
efficiency or torque production. The electric drive shall be able to cooperate
with a 1.9 litre diesel ICE. The Stop&Go functionality provides an ICE turn-
off at each vehicle stop and thus minimizes unnecessary exhausts that in fact
contribute to a large extent of the emissions in urban traffic driving. When
the driver initiates acceleration, the electric drive immediately starts the ICE
and then produces an accelerating torque to support the ICE. The description
of this hybrid vehicle fits well into the Mild Hybrid Electric Vehicle, MHEV,
category. For being able to determine a more accurate comparable level of
hybridization, the Electric Hybridization Rate, EHR Jonasson K. (2002), can
be calculated. The EHR corresponds to the quotient between the electric
traction power and the total traction power. The EHR level is calculated after
the size of the electric machine is determined in Chapter 4.

The Belt driven Alternator and Starter, BAS, system is intended to be a
simple and easy to install system that is compatible with vehicles already on
the market. The vehicle manufacturer avoids making any large
reconfigurations of a standard vehicle when installing the BAS system.

11



12 Chapter 1. Introduction

1.2 Previous work

In recent years much effort has been put into research related to hybrid
vehicle development, both at universities and in the private sector. There are
already many commercial HEVs available on the market today. The Citroén
C3 is an example of a vehicle with Stop&Go functionality but no
hybridization feature.

In the beginning of the project resulting in this thesis, there was a discussion
of which voltage level that is most suitable for this Mild Hybrid Electric
Vehicle, MHEV. The first idea was to use 42V, which is a voltage level that
also can be suitable for introduction into the standard personal vehicles
without any hybridization feature. Much research is done investigating
different power electronic converter topologies operating at a voltage level of
42 V in passenger vehicles i.e. Jourdan L. (2002). The on-board loads in
personal vehicles tend to increase and therefore require higher currents,
Marksell S. (2004). For avoiding high currents that require coarse and clumsy
conductors, there is a discussion about changing from today’s systems 14V to
42V. This discussion has been ongoing for some time but no car
manufacturer seems to be willing to take the first expensive step. On the
other hand, when there is more on-board electric power available, the electric
loads tend to increase even more leading to that the currents will be high
anyway. This discussion continues and voices argue that if we are going to
introduce a higher standard voltage level in personal vehicles, why not
increase it up to 200 or 300V that is suitable also for standard HEV? If the
voltage level is increased to a few hundred volts, several other issues arise such
as safety issues and electric insulation.

Much effort is put into developing belt-driven MHEV systems for 42V
around the world. The type of electric machine that is used as a generator in
vehicles of today is called Lundell generator. The Lundell generator is a claw-
pole electrically excited synchronous machine that in vehicle application
suffers from a rather low efficiency that is between 50 and 60%. The Lundell
generator is robust, inexpensive, simple to produce and control and has a
wide range of operation.

Publications are available, showing that people are working much in this field
for developing a generator with a higher efficiency than the Lundell generator
and with good robustness, simplicity, low cost in production and wide range
of operation. Examples of references relating to this topic are Reiter F.B.
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(2001), Shaotang C. (2001), Nicastri P.R (2000), Mudannayake C.P. (2003).

1.3 Author’s opinion, driving force and reflections

In a wide perspective, projects like that behind this thesis are efforts for
achieving lower fuel consumption and thereby better chances for a sustainable
development. Since environmental issues are very close to my heart, this area
does not attract me only due to my technical interest.

During the work I have realized that many projects of this kind mostly are
driven by the fear of future depletion of energy resources. In most cases this
results in the question; “How shall we produce the energy required by the
consumers?”. Since energy waste, in my opinion, is the superior problem of
today, securing energy resources is not the right focus. All energy that is
exploited today, except the energy derived from wind-, water-, or sun-
powered plants, produces some kind of pollution. The energy produced by
the clean power plants that are installed today, is unfortunately only enough
for supplying a few percent out of what is consumed. Thus, in order to
achieve less pollution the energy consumption aught to be minimized.

Many research projects are often based on enhancements of older techniques
(in this case the Otto engine). These projects mainly deliver solutions that
lower the energy consumption by a mere few percents. Taking into account
these small reductions of energy consumption and the estimated increment of
the transport fleet over the next 24 years, European Commission (2003), the
energy exploitation will still be increasing.

According to the report from the European Commission (2003), there were
468 private cars per 1000 habitants at the year of 2003 in the European
Union. The private vehicle fleet is expected to increase with 1.2% per year
until year 2030, which denotes a total increment of 33%. This gives 623
personal cars per 1000 habitants. The importance of preventing this
development is clearly stated in the report mentioned above;

“The transport sector is one of the most important sectors from the viewpoint of
both energy consumption and environmental implications. The near complete
dependence of the sector of il products generates two sorts of concern: security of
oil supplies with rising needs for transportation purposes; and worries about
climate change...”
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Development producing more energy efficient solutions is important for
minimizing the energy consumption but an even more valuable tool for
changing the trend with increasing energy usage is by influencing the human
behaviour.

Unfortunately, people tend to make decisions that are irrational and non-
optimized in the long run. Decision-making parameters such as individual
comfort and status do in most cases override parameters that ensure
sustainable development for the individual as well as for every other living
being.

Due to this irrational behavior there is a need for methods and tools to
influence human behavior. The most obvious method might be to increase
people’s awareness of how their behavior affects the environment.

First, I believe it is important to understand how much energy a common
citizen (Swedish) use. For achieving this, a good reference can be how much
power a person is able to produce by hand. According to Bengtsson H.U.
(1998), an average person is able to develop a peak power of approximately
300W and it is recommended not to exceed 40% out of that maximum
power when performing work that lasts for longer times. Let us then assume
that one person is able to produce a power of approximately 100W
continuously.

As a comparison, I will try to calculate the amount of energy used per person
when travelling from Stockholm in Sweden to Sydney in Australia. The type
of aeroplane that is used for such long trips is e.g. the Airbus 340. This plane
consumes approximately 8800/ fuel (of type Jet A-1) per hour and from
Stockholm to Sydney there is also an intermediate landing in Bangkok. The
total travelling time is approximately 19 hours that gives a total fuel
consumption of 167200/ for 245 persons according to the airline company
SAS. The distance (8270km + 7530km) together with mentioned information
gives a fuel consumption of 0.43 / /person and 10km of flight fuel. This is a
number that is in the same order as the fuel consumption of a standard
personal vehicle of today.

Of course, the flight fuel has approximately 7% higher energy density per
litre than ordinary petrol (that has an energy density of 32MJ/l) so the
equivalent fuel consumption is 0.46//km. Anyway, the total amount of

consumed fuel is 682.4//person and trip that give 23367 M]/person and trip
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(with an energy density of 34.2MJ// and a density of 800kg/m’) this equals
approximately 6490 kWh/person and trip.

For a family with four members, a two-way ticket gives an energy usage of
approximately 52000 £#Wh. A typical household in Sweden consumes about
25000 #Wh annually, including heat- and electricity. Therefore, the trip to
Australia costs, in terms of energy, as much energy as the supply for a typical
household during two years.

For earning the energy that is consumed using a two-way ticket between
Stockholm in Sweden and Sydney in Australia, a normal person has to work
in 12980000Wh/100W =129800 hours or 14.8 years, night and day.

Applying the same logic on everyday transportation gives another
comparison. An average Swedish person (in the age between 6 and 65 years)
travels 30 km/day to and from his work or school (Statistics Sweden,
www.scb.se). Assuming that an average person travels by car, that consumes
0.75//10km, to and from his work gives an energy usage that corresponds to
200 hours of physical work each day.'

In Figure 1.1 we can see the development of the energy usage in Sweden from
1970 to 2004. There is a clear increasing trend, shown by the solid line in the
figure that indicates an annual increment of the energy usage of 5.97Wh.

" To be compared with 1.5 hours of physical work if travelling by bicycle.
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Figure 1.1. Energy usage in Sweden from 1970 to 2004. Information from the
Swedish Energy Agency.

Lars Hoffman in the reference group of this project once told me something
that really etched itself into my memory. Many persons think it is not a fair
comparison but I think it is very good and puts the energy usage in a relation
to, also in this case, physical work. The comparison is also highly interesting
with regards to the almost constantly rising price of petrol. Lars said
something similar to: “I think the petrol for my car is really cheap!” and of
course, no one understands this statement from the beginning. How much do
you want to be paid for pushing my car one kilometre? Guessing that it will
take approximately 20 minutes” on a flat road and quite a big physical effort
is a sign good enough for expecting that your answer is at least 100SEK. A
modern standard personal car of today consumes between 0.5 and 1.0/ petrol
per 104m that costs approximately 11.5SEK// today, gives a fuel cost per

* The guessed transporting time of 20 minutes can also be estimated by calculation.
The fuel consumption is approximately 0.06/km that equals 1.92M] of energy.
Guessing the average efficiency of the engine, driveline and frictions to 10% means
that 0.192M] is actually transferred from chemical energy to transporting energy.
0.192M] equals 53 Wh that takes approximately half an hour to produce by hand for

an intermediate person.
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kilometre of approximately 0.75-11.5/10~0.86 SEK/km. Thus the price of the
performed work, using petrol, is less than 1% compared to if it is carried out
by hand. Still we are complaining of how expensive the petrol is!

Besides increasing people’s awareness of what effects their behaviour has on
the environment, I believe other behaviour enforcing measures of action
might be necessary as well.

One way might be to increase taxes on different energy types radically at
carefully selected points. Of course there must be a carefulness that sets the
increment on the right spots as we do not want the industry to move from
Sweden or that people begin to heat their houses using oil instead of using
available environmentally better methods. The development of energy
efficient systems would most certainly explode.

Another radical method can be to introduce rations of energy, similar to the
current system with tradable pollution rights. If a person drives a very large
car, there will be less energy left for heating up his house. Alternatively, if a
person has a very large house that needs to be heated up, there will be little
energy left for car driving.

A less forceful method, perhaps complementary, to induce behaviour change
might be to increase the status of goods that are compatible with sustainable
development. This increased status has already occurred on the Hybrid
Electric Vehicle (HEV) market. Many of those who buy the first, mass
produced HEV on the market, the Toyota Prius, probably does not only buy
it for the environmental goodwill reason and the economical in terms of
lower fuel consumption, but also because it gives a push on their status.
Unfortunately the decision should be, in my opinion, to travel less instead of
buying another car. But as we can see, using marketing forces to make aware
decisions trendy may be applicable to many different fields for influencing
the consumers in a positive way.

As a conclusion, there is a need for technical development but more
important; there is a great need for a change in human behaviour.

1.4 Outline of the Thesis

In this section, the outline of the thesis is presented. The thesis consists of 12
chapters that are briefly described below.
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Chapter 1 that is the introduction provides the objectives, previous work, the
author’s personal opinion and reflections and this outline.

Chapter 2 discusses Power Electronics in brief relating it to this specific
application.

For readers that are not very familiar with electric machines, chapter 3 gives a
very shallow physically and magnetically related description of different types
of electric machines to compare with the Series Magnetized Synchronous
Machine, SMSM.

The Stop&Go functionality is implemented in available hybrid vehicle
simulation models with a summary of the simulation results on vehicle basis
briefly presented in chapter 4.

In chapter 5, a mathematical electromagnetic model of the SMSM is derived.

In chapter 6, the SMSM model, derived in previous chapter is extended to a
simulation model.

Different controller types are investigated in chapter 7. First, a dedicated
controller for the SMSM is derived. Secondly, an approach called “Field
voltage vector feed forward” is described and finally a method for forcing the
SMSM to produce a constant torque is presented.

Results from simulations controlling the SMSM and utilizing the different
controllers presented in the previous chapter are presented in chapter 8.

Measurement results from operating a SMSM in the laboratory in chapter 9.
Measurements are performed for determining the validity of the derived

SMSM model.

In chapter 10 there is a discussion of the differences between simulation
results and measurement results.

In chapter 11, some conclusions are drawn followed by chapter 12 where
topics that can be interesting to follow up are presented.

A short list of abbreviations in the topic is available in Appendix A.



Chapter 2

Power Electronics in a BAS
application

A definition of Power Electronics is stated in Wilson T. G. (2000) as;

Power electronics is the technology associated with the efficient conversion, control
and conditioning of electric power by static means from its available input form
into the desired electrical output form.

In the same transaction as above, the goals of using Power Electronics are also
stated;

The goal of power electronics is to control the flow of energy from an electrical
source to an electrical load with high efficiency, high availability, high reliability,
small size, light weight, and low cost.

For the BAS application, all of the mentioned goals are necessary to be
fulfilled.

The automotive market introduces high demands on the power electronics
manufacturers concerning reliability and temperature requirements. The
power electronic equipment is in this case meant to be placed in the engine
compartment where the temperature is expected to vary between —40°C and
+150°C. Semiconductors of different technologies are suitable for different
types of applications. Voltages below approximately 200V and high
temperature applications are recommended to apply the MOSFET
technology, Campbell R.J. (2004).

The semiconductor manufacturers are striving to increase the maximum

allowed operating temperatures, which is good for the automotive sector that,
as mentioned, has very high temperature demands. The power electronic

19



20 Chapter 1. Introduction

semiconductors’ performances have increased much during the last decade.
The MOSFET technology is able to handle almost the double current density
(current / die area) at the die cost of approximately 60% of compared to

1995.

Even if the maximum allowed die operating temperature has increased much,
up to 175°C, it is still a great challenge to design the cooling and inverter for
ambient temperatures of +150°C.

There have been discussions about utilizing SiC (Silicon Carbide)
semiconductor devices in this project. Research on the SiC transistor
technology is, and has been, in progress during several years by now but this
technology has not reached its commercial breakthrough yet. The basic
features of SiC are promising such as very short switching times, high
breakdown voltage levels and it is also able to operate in very high ambient
temperatures. But even if the operating temperature of the material SiC can
be very high, other issues comes into the light as packaging and bonding,.
Drawbacks are that the SiC transistors are bipolar and thus current-controlled
which means that they require more advanced driver circuits. The SiC are
also extremely expensive because of a slow and very high temperature
demanding manufacturing process. The SiC transistor technology is in the
author’s opinion not ready to be used in a commercial cost-optimized vehicle
of today where every cent in the production cost is scrutinized in detail.

The Series Magnetized Synchronous Machine, SMSM, is a three-phase
machine with one connector for each phase. The power electronic converter
in the BAS application is based on a three-phase MOSFET full-bridge power
electronic device. The power electronic converter operates as a DC to AC
(three-phase) converter when the electric machine operates as a motor and
AC (three-phase) to DC converter when the electric machine operates in
generator mode.



Chapter 3

Electric machine topologies

In this chapter, the principles of different rotating electric machine types are

described briefly.

3.1 The induction machine, IM

The induction machine that also is called the asynchronous machine is the
most widely used electric machine type. The asynchronous machine has
several advantages such as robustness and non-complicated design and use. It
has a very robust mechanical design and is cost effective in production. The
asynchronous machine requires more power electronics and a more complex
control than e.g. the DC machine. An induction machine with special design
for reaching high torque density, power density and efficiency is a strong
competitor to the synchronous machine topology for the HEV category,
Shafer G.A (1994).

The name induction refers to the principle of the machine operation. When
the induction machine is connected to the grid, or any suitable AC voltage
source, there is a rotating flux generated in the stator. If there is a difference
in rotating speed between the stator and the rotor the rotating flux vector
induces a voltage in the rotor winding. The difference between the rotating
speed and the rotating speed of the flux is called the slip speed. The induced
voltage results in a rotor current that generates a flux in the counter direction
to the flux generated by the stator windings.

The other name, asynchronous machine, refers to that there is a difference
between the rotating flux vector speed in the stator and the rotor mechanical
speed, thus asynchronous rotation. If there is no speed difference, no voltage
is induced, i.e. no current is produced, in the rotor and hence no torque is
generated.
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In Figure 3.1 the principle of a three phase, two-pole, short-circuited (field
winding) asynchronous machine is shown.

Phase b

>

Phase a

/A

Phase ¢

Figure 3.1. Principle of the induction machine.

3.2 The Synchronous Machine, SM

The term synchronous refers to that the mechanical rotor rotation and the
rotation of the stator flux vector rotates synchronously. In contradiction to
the asynchronous machine, the rotor in a SM has either permanent magnets
or a field winding that is fed by an external current source for generating the
flux from the rotor. The flux that is generated by the rotor is fixed to the flux
generated by the stator currents.

The SM is used for large power generators as well as fast rotating motors. In
the case of large, slowly driven power generators, machines with many poles
are used and for high speed rotating energy sources, e.g. gasturbine driven
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generators, a machine with low number of poles is used, so called turbo-
machines. Synchronous machines in general are known for their high torque
and power density and their high efficiency.

The Permanently Magnetized Synchronous Machine, PMSM

The PMSM has a rotor equipped with permanent magnets that produce a
flux vector fixed to the rotor. PMSMs can have very high torque- and power
density capabilities. The rotormagnets can be either surface- or deep
mounted. Commonly used high performance magnetic materials are
Samarium-Cobolt and Neodynium-Boron-Iron. These types of magnetic
materials are resistant to both vibrations and high temperatures. For
extending the operating region of the PMSM it is possible to apply field
weakening by generating a flux in the opposite direction as generated by the
permanent magnets. In this way, the induced voltage in the stator will
decrease and it will be possible to operate the machine at higher rotational
speed using a limited DC voltage source. Unfortunately, there is a limit for
how much negative flux the magnets can withstand before they are
demagnetized. This is thus a limit for the operating region flexibility of the
PMSM. Loosing the control of a deeply field-weakened PMSM can results in
a very high phase voltages that may damage the power electronics and control
electronics. The principle of a PMSM is shown in Figure 3.2.

Phase b

«—>
=Y Y

Phase a

/A

Phase /

Figure 3.2. Principle of the Permanently Magnetized Synchronous Machine.
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The Electrically Magnetized Synchronous Machine, EMSM

An EMSM is very similar to the PMSM but differs as it has a rotor equipped
with a winding instead of permanent magnets. The rotor winding is mostly
fed via slip rings and is generally excited by an external power electronic
circuit that controls the field winding current. In this way the field winding
current, and hence the flux, can be lowered for reaching higher rotational
speeds (field-weakening). Another way of exciting the rotating field winding
is to feed it directly from a diode rectifier if the grid is available for the
application. However this gives no opportunity to apply field weakening. The
operating region of the EMSM is wider than for the PMSM since it is
possible to apply very deep field weakening. The principle of an EMSM is
shown in Figure 3.3. The EMSM is very attractive for the EHV market
thanks to the wide operating region, its high efficiency and torque density.

Phase b

Phase a

/A

Phase %/

Figure 3.3. Principle of the Electrically Magnetized Synchronous Machine.

The Series Magnetized Synchronous Machine, SMSM

The Series Magnetized Synchronous Machine is in fact a modified EMSM
that uses the phase currents for exciting the field winding circuit. In a SMSM,
the open end of a Y-connected EMSM is fed into a three-phase diode bridge
rectifier. The rectifier then supplies energy to the field winding via slip rings.
Hence, the field winding current is strictly dependent on the synchronous
machine phase currents and the conduction state of the diode bridge rectifier.
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The principle of the SMSM can be seen, similar to the EMSM, on the left of
Figure 3.4. To the right of Figure 3.4 the circuit configuration of the SMSM
can be seen were the three phase windings, on the left, are connected to the
six diodes in the three phase rectifier feeding the field winding on the right.
The field winding inductance of a SMSM is lower than the field winding
inductance of an EMSM. The SMSM circuit and principle reminds much of
the well-known Series Magnetized Direct Current Machine. The SMSM is
expected to perform very well in an EHV application thanks to the high
torque and power density of synchronous machines.
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Figure 3.4. Principle of the Series Magnetized Synchronous Machine (left) and
circuit configuration (right).

3.3 The Direct Current Machine, DC

The DC machine is a widely used type of motor available from very low
power ratings as milliwatts to very high power ratings as megawatts. One
advantage of the DC machine is that it is simple to control and requires less
surrounding power electronics than other electric machines. Disadvantages of
the DC motor are such as more complicated/expensive to produce and the
presence of mechanical commutators with carbon brushes that need
maintenance.

The Permanently Magnetized Direct Current Machine, PMDC

As Figure 3.5 indicates the field in a PMDC is generated by permanent
magnets that are mounted in the stator. The armature winding, the winding
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where a voltage is induced, is in the rotor and hence fed via slip rings. As a
DC voltage is applied on the armature winding connectors, to the left in
Figure 3.5, the current always flows downwards in the figure. The magnetic
field, produced by the armature winding, produces a turning torque when
interacting with the flux generated by the stator magnets. As the rotor turns a
half revolution, the commutators mechanically switch polarity and maintain a
current flow direction downwards. The produced torque is still acting in the
same rotating direction as before the commutation. The PMDC is an
expensive machine that requires maintenance of the brushes and it is not
possible to extend the operating region by field-weakening,.

Figure 3.5. Principle of the Permanently Magnetized Direct Current machine.

The Electrically Magnetized Direct Current Machine, EMDC

The principle of the EMDC is shown in Figure 3.6. The operation is similar
to the PMDC but the stator field flux is instead of generated by permanent
magnets generated from a field winding.

- Field

Figure 3.6. Principle of the Electrically Magnetized Direct Current machine.
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The Series Magnetized Direct Current Machine, SMDC

A series magnetized direct current machine is equivalent to the EMDC but
with the field winding and armature winding connected in series. The
SMDC is also known as the Universal motor that is very widely used.

The Parallel (Shunt) Magnetized Direct Current Machine

A parallel magnetized direct current machine is equivalent with the EMDC
but with the field winding and armature winding connected in parallel.

The Compound connected Direct Current Machine

The Compound connected Direct Current machine is a combination of the
Series- and Parallel Magnetized DC machine. The field winding is in this case
separated into two windings were one of these is connected in series and the
other is connected in parallel to the armature winding. This combination of
the field winding gives special torque characteristics.

The Brushless Direct Current Machine, BLDC

The BLDC is principally similar to the PMSM differing from that the BLDC
has a trapezoidal back EMF, while a PMSM has an approximately sinusoidal
back EMF. The back EMF is the voltage that is induced in the stator
windings as the flux from the rotor that passes through the stator windings,
varies when rotating. No rotation gives no varying flux in the stator, gives no
induced voltage that is no back EMF. Outgoing from a DC machine; by
moving the field producing permanent magnets from the stator to the rotor
and the armature winding to the stator from the rotor, there is no need to
transfer energy to the rotor for exciting any winding. Yet, there is a need for a
commutator. In the BLDC case the commutations are synchronized with the
rotor position and performed electronically by the power electronic devices.
The BLDC motor is driven by rectangular voltage strokes that must be
carefully applied to two of the three-phase windings. The third phase winding
can be used for rotor position estimation. The angle between the stator flux
and the rotor flux is kept close to 90° for achieving a maximum torque
generation. The BLDC requires intelligent electronics for proper control. The
BLDC is a high efficient motor that emits low levels of EMI (compared to
DC motors with brushes) but suffers from a higher total system cost than
other DC machine drives.



28 Chapter 3. Electric machine topologies

34 The Switched Reluctance Machine, SRM

The principle of a SRM (6/4-SRM: Six stator poles and 4 rotor poles) is
shown in Figure 3.7. The shown machine is a three-phase machine with two
windings per phase. The two windings named equally in the figure are
connected in series or in parallel and together form one phase. The generated
torque in a SRM is deduced from that the magnetic circuit does wish to
minimize the magnetic reluctance in the circuit. The reluctance is a measure
of how good a magnetic circuit conduct magnetism. A low reluctance
indicates a good magnetic conductivity and vice versa. The reluctance is
minimized when the air-gap is as little as possible in the magnetic circuit. At
the snapshot in Figure 3.7, phase a produce no torque since the reluctance is
already minimized, phase b shall carry a current for generation of a clockwise
torque production. The SRM has a simple and robust construction due to the
rotor that consists of pure laminated steel and shaft but suffers from bad
reputation telling that SRMs produces high noise levels. The noise level is
due to the large forces acting in the radial direction that forces the circular
rotor to become ellipsoidal. The ellipsoidal shape of the stator rotates with
respect to the rotor position.

Phase ¢
Phase b
Phase a Phase a
Phase ¢
Phase

Figure 3.7. Principle of the Switched Reluctance Machine.



Chapter 4

Preparatory research, simulations
on vehicle basis

As a prerequisite, the project behind this thesis was initiated by professor
Mats Alakiila together with the automobile company SAAB and partly
funded by the government, the application, as mentioned before, focuses on

the SMSM in a BAS application.

The simulations on the vehicle basis are performed in the Matlab Simulink
environment and based on the earlier derived vehicle model developed by
Karin Davidsson (born Jonasson) and Mats Alakiila. The vehicle model is
carlier presented in Jonasson K. (2002). Minor modifications in the model
are done for adaptation to the Stop&Go functionality. Since this BAS
application with Stop&Go functionality mostly implies improvement in
terms of lower fuel consumption, in urban driving, simulations are performed
using urban driving cycles.

For producing results that are comparable to other researchers’ work
simulations are performed using the standardized MVEG-A driving cycle
(available on www.dieselnet.com). This cycle is a European driving cycle
standard that is accepted as a standard for tests and development concerning
emission certification of light duty vehicles in Europe. The MVEG-A driving
cycle is based on two other driving cycles that are the ECE 15 and the EUDC
(Extra Urban Driving Cycle) driving cycle. First ECE 15 is repeated four
times without interruption and is then followed by one EUDC cycle. The
four ECE 15 cycles emulates a 4.052/m extra urban trip with a maximum
speed of 50km/h and an average speed of 18.7km/h (duration of 780s). The
EUDC (low powered vehicles) cycle emulates a 6.54m extra urban trip with a
maximum speed of 90km/h and an average speed of 60.5km/h (duration of
400s). The MVEG-A driving cycle for low powered vehicles is shown in
Figure 4.1.
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Figure 4.1. The MVEG-A driving cycle.

The characteristics of the ICE used in the simulations are shown in Figure
4.2. As there is an electric machine on-board the vehicle it is suitable to let
the electric machine assist the ICE at the working-points were the efficiency
of the ICE is low and the efficiency of the electric machine is high. Since the
idea of the BAS Stop&Go functionality is to deal with the unnecessary fuel
consumption during idle operation, the losses for the ICE in idle operation
are estimated by calculations. The efficiency map of the 1.9 / diesel engine is
recalculated to a map containing the input chemical power that includes the
losses introduced in idle operation. This is done for making it possible to
determine the gained chemical energy in urban driving cycles. The resulting
chemical power consumption map is shown on the right in Figure 4.2. The
model for vehicle simulations is modified and is thus instead based on the
ICE map containing the input chemical power instead of the ICE efficiency
as earlier. The required starting torque is roughly estimated by calculations
and introduced as a negative output torque from the ICE at each engine start.
The starting torque is very dependent on the temperature of the engine and
no solid method for estimating this torque for low temperatures has been
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found. In the simulations, the used starting torque, valid for an engine at
normal operating temperature, was 20 Nm. Measurements of the starting
torque of a cold engine were not found and the maximum required torque for
starting is based on a discussion in the reference group of the project and
discussions with Rolf Egnell, a well known specialist on ICE’s.
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Figure 4.2. Typical characteristics for a 1.9 litre diesel ICE in terms of efficiency,
torque and speed (left) and input chemical power, torque and speed (right).

Typical characteristics of a 5 #W synchronous machine are shown in Figure
4.3 with its maximum output power marked as a black line. The efficiency of
the electric machine is rather low at low power operation compared to
operation at a working-point at nominal power. If a large electric machine is
chosen, the machine will be poorly utilized and operation in the low
efficiency region will result in a non energy-economical system. The machine
must be able to deliver the highest demanded torque and power and still be
working mostly in the high-efficiency area. Thus, an optimum in the sense of
minimum energy consumption and electric machine size can be found. As
seen in Figure 4.3 the operating region of the machine is very wide. Deep
field weakening is applied for covering the whole operating range of the ICE.
The field weakening ratio, i.e. the ratio between the maximum speed and the
base speed (the highest speed were the machine still is able to produce its
nominal torque), is in this case approximately 18. A field-weakening ratio of
18 is not reachable for a PMSM.
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Figure 4.3. Properties of a typical 5 #W electrical machine.

Simulations, utilizing the model for a BAS vehicle and the MVEG-A driving
cycle are performed using different electric machine sizes between 2 #W and
100 #W. As we can see in Figure 4.4 there is an optimum of the electric
machine size that provides the lowest total energy consumption when driving

the MVEG-A driving cycle.
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Figure 4.4. Fuel consumption in relation to electric machine size.

As the electric machine should be physically as small as possible, be able to
deliver the required starting torque and provide low fuel consumption, the
size of the BAS system that is determined to be developed is 5 #W. The gear
factor in the belt transmission is decided to be 3:1 and the maximum output
torque from the electric machine is 65 Nm which gives a maximum crank

torque of the ICE of 195 Nm.

The Electric Hybridization Rate, EHR, earlier mentioned in the introduction
is calculated to 5/(5+79)~6% with an ICE capable of delivering 79 #W and an
electric drive of 5 £W.

Simulations with and without the 5 #W BAS system are performed for
comparison and presented in Figure 4.5. Figure 4.5 shows an average of the
fuel consumption during the driving cycle and indicates that there is a fuel
reduction of (0.495-0.377)/0.495~0.24=24% to collect from installing a properly
chosen BAS system in urban traffic driving.
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Figure 4.5. Average fuel consumption using 5 #W BAS and the MVEG-A driving

cycle.

As the simulation model contains several estimated parameters, the accuracy
of the simulation results may be interpreted more as a sign of in which region
the optimum electric machine size is. Comparing the resulting average fuel
consumption for a non-EHV on the right in Figure 4.5 to the fuel
consumption shown on the left in Figure 4.4 one realizes that there is a great
difference in fuel consumption between the 2 #W EHV and the non-EHV.
This difference shows the effect of shutting of the ICE at each stand still. The
negative slope on the left of Figure 4.4 shows the hybridization effect
lowering the fuel consumption meanwhile the positive slope on the right in
the same figure shows the effect of selecting an oversized electric machine.



Chapter 5

Modelling the SMSM

The goal with modelling the SMSM s to find a relation between the phase
currents, phase voltages, rotor position and speed. The issue that we want to
find an answer of in this chapter is thus how the machine and the phase
currents do behave when applying different voltages.

The derivation of the SMSM mathematical model begins from the model of
the four-winding (three phase windings and one field winding) Electrically
Magnetized Synchronous Machine that is shown in Equation 7 and Equation
8.

When studying the three phase currents and voltages of a rotating electrical
machine one is said to be working in the stationary abc reference frame.
When controlling a rotating AC machine there are important advantages
gained when working with the machine in a two-phase rotating reference
frame, the so-called xy reference frame. The rotating xy reference frame is
fixed to the rotor position of the machine and consequently transformations
between the different reference frames require the instantaneous rotor

position, 4.

In three phase electric machine theory different types of transformations are
utilized for being able to control the machine properly. Three different useful
coordinate systems are used within this thesis and presented in Table 1.



36 Chapter 5. Modelling the SMSM

Table 1. Three-phase reference frames.

This frame is the common three-
phase frame. Currents and voltages
are those that you are able to measure
with ordinary transducers.

abe-reference frame

This frame is a two dimensional
frame and a transformation of the
aff-reference frame three abc-vectors to a two axis frame
with the reference axis fixed in the
room.

This frame is also a two dimensional
frame, as the fFreference frame, but
displaced by the rotor angle 6.. The
xy-reference frame is thus rotating
with the electric angular position of
the rotor.

xy-reference frame

For being able to include different transformations into mathematical
expressions, abbreviations of different transformations are introduced. For
understanding the equations in my research of the Series Magnetized
Synchronous Machine it is necessary to know the meaning of the
abbreviations presented in Table 2.
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Table 2. Abbreviations of three-phase transformations.

Two-phase to three-phase

TwoToThree transformation, af-frame to abe-
frame
Two-phase to two-phase
xyToaf3 transformation by displacement with

the angle 6. xy-frame to af-frame

nof’

A transformation that extracts the
field current from the three-phase
currents.

Three to two-phase tranformation

ThreeToTwoF that also feeds the field current
forward.
A transformation from the aff-frame
affToxyF to the rotating xy-frame that also

feeds the field current forward.

nofxy

A transformation that extracts the
field current from the currents in the
rotor oriented reference frame.

For calculating corresponding values in different reference frames, at the
actual point of time, one can use the above mentioned transformations. The
transformations are performed by using transformation-matrixes that includes
the projections on different reference frames.

Beginning from the general mathematic model of the Electrically Magnetized
Synchronous Machine. Each phase voltage divides in a resistive voltage drop
and an induced voltage as Equation 1 shows.
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Usy Rs 0 0 |lia Vsa
Up| =0 Rs O |ip+ ik
Usc 0 0 Rglic Vsc

N - - ——
Phasevoltages  Resistive voltagedrops  Induced voltages

Equation 1. Three-phase stator voltage equations.

Were u , u, and u_are the phase voltages, R is the phase resistance, i, 7, and 7,
are the phase currents and finally yg, wg and yg are the flux-linkage of
each phase winding. Principally the three different phases are able to produce
fluxes in the directions indicated by the arrows in Figure 5.1 below. The three
phases are separated by 2-7/3 radians over one revolution that is due to the
design of the rotating machine. Studying the machine from the end side, as
Figure 5.1, gives the understanding of that a total applied voltage vector (i.c.
from phase a, b and ¢) can be described in a two-dimensional reference frame.

Phase ¢ /)j

Figure 5.1. Principle of a three-phase electrical machine

The three applied phase voltages can be written in polar coordinates like
below in Equation 2.
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. d i

Ua :[Ra"a +E(Wa)j'ejo

Up :(Rb‘ib +i(l//b)}e E
dt

) d 17

Uc :[Rc"c +_(‘//c)j'e 8

dt

Equation 2. The three phase voltages expressed in polar coordinates.

By adding the three-phase voltages, expressed in polar coordinates as above, a
rotating voltage vector in the stationary stator plane is obtained. The
stationary stator reference frame is in electric machine control theory often

called the af reference frame. The stator voltage vector can be written as
Equation 3 below.

— e d(~
u5=R5~|S+a(y/s)

Equation 3. Stator voltage vector expressed in polar coordinates.

The voltage vector is further transformed from the stationary two-
dimensional af reference frame to a rotating reference frame referring to the
rotor displacement, €. Hence, the stator current-, voltage- and flux vectors

are all displaced by the rotor displacement angle, 8, relating to each other as
Figure 5.2 shows.

Figure 5.2. Visualizing aid for understanding vector transformation.
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The transformation is shown in steps in Equation 4.

% R, - aﬂ+3 (;:ﬂj
i =i eI

e At A VI
with l//sﬁ=y/s % gives

=aff _ =Xy A6
Q% =Gy el
Sxy A0 xy o6 LA (=% g
ug” -e'"r =Ry 15" - f+a ve el |=
—.xy — Xy
Xy -y o
Rg-igY el fr 4 — ( je"gfﬂa) el .y y, divisionbyel? gives
0¥ =Ry i +— [ j"’]a’r Vs =
. d — Xy
X X
uszsty"s dt ‘//sx —Or Yy

d(=x =Xy
X! X! X\
uy =Ry - |S)}’+d Ve [tOr W

Equation 4. Expressing the stator quantities in rotor the reference frame.

Explanations for the steps in Equation 4 follows.

e At first line, rewriting Equation 3, to a notation also describing

which reference frame that is the actual reference frame.

¢ Imagining how to express the vector A in the two different reference

frames, line two to four is realized with help from Figure 5.2.

e At line six, the rule of derivation of a product is applied.

e At line seven, the fact that the derivative of the rotor displacement

angle is equal to the rotor electrical rotational speed, ®, is applied.

e On line nine and ten the vector is separated into the x- and y-

direction.
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The linked fluxes in the stator x- and y-direction consist of flux generated by
the stator and the rotor. The linked flux in the stator x-direction consists of
flux generated by the stator x-component inductance and current and the flux
that is linked from the rotor field winding via the mutual (coupling)
inductance. The linked flux in the stator y-direction consists of flux generated
by the stator y-component inductance and current. This is expressed in
Equation 5.

Wex =Lex T +Lms i s
‘//sy:Lsy'isy

Equation 5. Linked flux relations in the x and y-directions.

The inductances L and L are the stator inductances in the x- and y-
directions respectively and Z . is the mutual inductance between the field
winding and the x-direction.

The field winding current and voltage relation is shown in Equation 6.

. d . .
Uf =Rf '|f +E(me 'ISX +Lf '|f)
Lt =Lmt +L1s

Equation 6. Field winding current and voltage relation.

In Equation 6 it is seen that the field winding voltage follows the expression
for the voltage across an inductance as the sum of the resistive voltage drop
and the induced voltage, i.e. the derivative of the flux-linkage. The flux inside
the field-winding coil consists of flux from the stator x-direction, Ly -ig , and

from the field winding itself, L;-if. Were L , is the mutual inductance

between the stator and rotor winding (the stator inductance that is felt in the
rotor winding) and L, is the field winding inductance. The currents 7. and 7,
are the field- and stator x-direction current respectively.

The mathematical stator and field winding current- and voltage relations are
expressed in matrix form in Equation 7.
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Usx Rs 0 Isx d Lsx 0 Lt Isx
Uy I=| 0 R sy +a 0 Ly 0 [|igy ||+
Us 0 0 R¢||if L O Lf [|if
Uy Ryt byt Loyt byt

Ho, 0 0} 0 Ly 0 |{ig
0 0 O||lLy O L||ig

Q nyf i xyf

Equation 7. Mathematical stator and field winding current- and voltage relations
expressed in matrix form.

or in abbreviated form as Equation 8.

. d . .
Uyt :nyf Iyt +E(nyf i )+Q'nyf Tyt

Equation 8. Mathematical stator and field winding current- and voltage relation
expressed in short form.

Usually the diode bridge rectifier is connected to a current-stiff input and a
voltage-stiff output or vice versa. This is not the case for the SMSM circuit.

When carefully studying the circuit diagram for the SMSM in Figure 3.4, it is
realized that in the SMSM case the diode bridge rectifier is connected to both
current-stiff input and output. The result of this is

e that the direction of the phase currents will determine the state of
conduction of the diode bridge rectifier

e  that the sum of the three phase currents is zero as the machine-diode-
bridge system has three connections to the AC output from the
power electronic inverter.

e thar the field winding current is equal to the highest current of the
three phase currents of the synchronous machine.

This leads further to a relation between the stator phase currents and their
direction and the field winding current, as shown in Equation 9.
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iabcf nof

Equation 9. Relation between the stator phase currents, their direction, and the field
winding current.

The meaning with Equation 9 is that the field current can be expressed in
terms of the three phase currents by using the three variables £, £, and 4.
These variables are purely dependent on the phase current directions. The
variable 4 _is equal to-1if 7, <0 Aand 1if7 >0 A.

The fact that it is possible to extract the field winding current from the three
phase currents further gives that it is also possible to extract the field winding
current from the two-phase rotor oriented current vectors, 7 and 7. Based on
this, the relations presented in Equation 10 and Equation 11 are derived.

i bef =nof -i b . .
.a ¢ e . (= lapes =nof -TwoToThree-xyToaf-iyy
iabc =TwoToThree-xyToaf iy,

Equation 10. Relation between the stator currents in the rotating reference frame and
the phase and field winding currents.

ianct =nof -TwoToThree-xyToaf3-iy,
iyt =aBTOXYF - Three TOTWOF -i gy

:>ixyf =afToxyF -ThreeToTwoF -nof -TwoToThree- xyTOOzﬂ-iXy

nofxy

=iy =nofxy-iy,

Equation 11. Relation between the field current and the stator currents in the
rotating reference frame.

As can be seen in Equation 11 above it is possible to express the field winding
current directly from the stator currents in the rotating reference frame.
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By multiplication of the transformation-matrixes used in Equation 11 the
nofxy matrix that contains the diode bridge conduction variables 4, and the
instantaneous angular position of the rotor, 8, is revealed. The nofxy matrix is
shown in Equation 12 below.

nofxy =
k2

242

sin(9)

cos(6) sin(6)

KL sy s K2 k1
2.4/6 242 246
with

kl=2-k, —k, —k, and k2=k, —k

Equation 12. Revealing of the 7ofxy matrix.

Using the nofxy matrix it is possible to compress the voltage equation,
Equation 8, even more. This is done in Equation 13.

— - d - g
Uyyt =Ryyr -nOfXy-iyy +E Lyyt -NOfXy-iyy [+Q-Lyys -nofxy-iyy
— — —

Rred Lred Lred
=Ryeq “lyy +a Lred Myt Q- Lreg “yy

Equation 13. Compression of the voltage equation.

The R ,and L _, matrixes are presented below in Equation 14.
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Rred =

Lred =

Rq 0
0 Ry

R
ﬁ-(klcos(e)h/ak2~sin(0)) ;—f£~(ﬁ-k2~cos(9)—-k1-sin(0))

K1 Ly K2- Loy

Lo+ W5 .cos(0)+ 5 ﬁ-kz-cos(e)—kl-sin(e))

me (
246

sin(6)

Lgy

Lk 05(0) L k2 o L
+ -c0s(0)+ sin .
m 2.6 2.2 2‘«/6~(«/3~k2-cos(¢9)—k1~3|n(9))

Equation 14. The R ,and L _, matrixes.

From the matrixes presented in Equation 14 two interesting discoveries are

made.

Resistance

matrix

o The resistances in x- and y-direction are still only depending on the
stator resistances.

e The resistance of the field winding relation is also depending on
diode bridge conduction state and the rotor electrical angular

position.
Inductance matrix
e It is clear that the inductance in the x-direction is depending on the

diode bridge conduction state and the electrical angular position.

e The inductance in the y-direction is not influenced.

e The inductance in the field winding is depending on the diode
bridge conduction state and the electrical angular position. The
stator x-directed inductance and the field winding inductance are

co

upled through the mutual inductance.






Chapter 6

Development of a simulation
model of the SMSM

The derived mathematical model of the SMSM, from the previous chapter,
states a relation between the phase voltages and the phase currents of the
SMSM. For being able to perform simulations of the machine in operation,
the relation between the phase potentials and phase voltages also need to be
known. This relation, including the diode bridge rectifier and field winding,
will be derived in this chapter. The diodes in the bridge rectifier are
considered as ideal components that give no voltage drop when conducting
and ideally fast switching between conducting and blocking state.

Let us begin by reintroducing the most important figure in this thesis, Figure

3.4. There are 2°=8 different current flow direction configurations of three
phase systems as can be seen in Table 3.

Table 3. Different current direction configurations.

Z Z, Z k kh A
<0 <0 <0 -1 -1 -1
<0 <0 >0 -1 -1
<0 >0 <0 -1 1 -1
<0 >0 >0 -1 1
>0 <0 <0 1 -1 -1
>0 <0 >0 1 -1
>0 >0 <0 1 1 -1
>0 >0 >0 1 1 1

This gives that the diode bridge rectifier will theoretically be able to be in
eight different conducting states. Two of those can directly be left out by the
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fact that the sum of all three currents must be zero. The state in the top and
bottom of Table 3 will thus never occur. The remaining six conduction states
can correspond to six different equivalent circuits, were one of these six
circuits exist for each instant of time. As the diode bridge conduction state
switches, another equivalent circuit is valid. Assuming ideal diodes in the
bridge rectifier (i.e. no forward voltage drop and that no transition is time
required for changing conduction state) and ideal slip rings (i.e. no voltage
drop) the six different equivalent circuits can be seen in Figure 6.1 below.

lype Fig. e. Lype Fig. f.
Figure 6.1. Equivalent circuits of the SMSM circuit.

As we can see in Figure 6.1 the field winding, Lf, is connected in series with
the stator phases differently depending on the conducting state of the diode
bridge rectifier! The following model development is based on this statement.

By introducing the phase voltages, #, #, and #, the conduction state variables
k, k,and k, the phase potentials v, v, and v, and the field winding positive
and negative potentials, v, and v,, it is possible to write an expression for the
circuit that is valid for any conduction state. The earlier mentioned
conditions together with the SMSM circuit seen in Figure 6.2, gives the
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circuit potential relations of the SMSM that are shown in Equation 15.

Sliprings

fp

Vi

/L
1F

Figure 6.2. The SMSM circuit.

Ve v ka+l+v ka—-1 ka+l  ka-1
u, a~Vip fn 2 Vg 2 2
u el oy, Kot kel b ol Tkl K1V
b b fp 2 fn 2 b 2 2 Vin
Uc ke +1 ke—1| [Ve] | ke+1l  ke-1

Ve Ve Ty Y 2 T2

Equation 15. The SMSM circuit potential relations.

The fact that the three phase voltages still form a symmetric system,
Uy +Up+uc=0, and that the field voltage uf can be expressed in the field

potentials, uf=vg-Vg, gives the opportunity to continue developing the

result of Equation 15. In Equation 16 a relation between the field winding
voltage and the circuit potentials are shown.

ka+1 ka—l kb+1 kb—l
Ua+Ub+UC=Va—pr 5 +V i 5 IVb—pr 5 +Vin 5 +
Uy Up
ke +1 k.-1
Ve Vip- ot TVin- 02 =0
uC
Kq +kp+ko+3 kq +kp +ke -3
= Vg +Vp+Vo=V v
aTVphTVe fp 2 fn 2 -
Ug =Vip—Vin
1 -1 v
Ky +kp +ke+3 Ky +kytke—=3 || P || U
5 > Vi | | Va+Vp+Ve

Equation 16. Relation between field winding voltage and circuit potentials.
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Using Equation 15 and Equation 16 it is possible to eliminate the field
voltage potentials, v, and v,, and express the phase voltages from the field
winding voltage, phase potentials and diode bridge conduction state constants
as Equation 17.

ka+l k-1
u v 2 2 A
uz = vz - % _%. ka+kbl+kc+3 ka+kb41—kc—3} '{v +‘\J/f » }
Uc Ve ke +1 ko1 2 2 atib e
2 2
2V, —Vp—V, 2k, —kp —k¢
6

| 2vp—va -V 2k, —kg —K¢

‘U
3 6
2V, —Vp—V, 2k —kp —kj,
3 G
l"abc,vir! k4

Equation 17. Relation between the phase voltages, circuit potentials and field
winding voltage.

Notice the two voltage vectors introduced in Equation 17, #, . and &, The
outcome from Equation 17 is, when looking closer, not very surprising. The
virtual voltage vector, #,, ., reflects the voltage vector that would occur if
dealing with an ordinary star-connected three-phase AC machine! The
difference, from using an ordinary star-connected three-phase AC machine, is
that the field voltage is subtracted from the voltage vector in the actual phase.
As mentioned before, the field winding is connected in series with one of the
three stator phases. (As Figure 6.1 shows) The field voltage is subtracted from
the correct phase by the use of the 4, matrix.

Notice that the previous mathematics in this chapter is valid for the abc
reference frame. From here and on, transformations are performed so that the
model will be valid for the rotor oriented reference frame.

Equation 17 is first transformed into the non-rotating two-dimensional
reference frame () and then further to the rotating two-dimensional
reference frame (xy) resulting in Equation 18.
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Uyy =Uyy virt —BTOXY - ThreeToTwo-Ky -Ut =Uyy yirt —Kayy U

k3)<y
Equation 18. Transformation of the field voltage to the rotating reference frame.

Yet, another term is introduced, kw’ that transforms the one-dimensional
field winding voltage quantity, u, to the rotating two-dimensional field
voltage vector is introduced. An interpretation of the £, matrix in Equation
18 is that the field winding voltage is added to the, for the instant, correct
phase and then transformed to the xy-frame, via the aff -frame, were its
voltage is added to the stator winding voltage. The km matrix can be viewed
in Equation 19.

k1 k2

cos(0) +
|(3xy = 2.\/6 Zﬁ
—2~cos(9)—£-sin(9)

22 246

Equation 19. The £, matrix.

sin(9)

Figure 6.3 can be used as a visualization aid of Equation 18. The applied
voltage vector U is shared between the stator voltage vector, u, and the

field voltage vector, .

s
U, =U;*K3Xy

Xy, virt

v

Figure 6.3. Field-, stator- and applied voltage vector relation.

Since the ijy matrix contain the diode bridge conduction state, that change
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values abruptly, the G}’ vector will also move transiently in the xy reference

frame. Figure 6.3 shows only the principles of Equation 18.

Studying Equation 18 and understanding that #, equals the third line in
Equation 13 and #_and # corresponds to the first and second line in
Equation 13 the opportunity to combine these are obvious. The combination
of Equation 13 and Equation 18 produces Equation 20.

— g d g g
Doit=Rrea (L 212G o (Lrea (121 2) i 0L 21.3) Lreq(1.31.2)iy +

Kaxy | Rred(31.2) 'i—xy +% (Lred 312 'i—xy )"'9(3-1- 3)-Lreq(31.2)- i—xy =
[000]

- d - -
~(Rreq (1. 21.2) tkayy-Rreg (3L D)y +a(Lred (1212 L 21.3) Lreq(1.31.2)-1y +

nyred

d -
k3xy a (Lred (31.2)-i xy)

with
d -\ d L df
E(L“’d(1"2’1"2)"”):&("““(1“2‘1"2))"XV+E('XV)' Liea.21.2) (productrule)
and
d B, d . d /-
k3xyE(Lred(a1..2).|xy):k3xy.[a(Lred(31..2)).|Xy+Lred(a1..2).a(|xy)j (productrule)
gives

Uyyvir=Ryyred(L-21.2) iy +O(1.21.3) Lrgg (1.31.2) Iy +

d d = d i
{Led0.21.2)) kgL @-2) oy +{Liea 02124y Lioa(31-2) .l

dt
nyred

LredDiffxy

Equation 20. The SMSM motor expression in a non-shortened version.

From Equation 20 above it is seen that the derivative of the L , matrix is
required and this is obtained with the relation in Equation 21 (the chain
rule). Use of the chain rule makes it possible to rewrite the derivative to a
non-time dependent derivative.
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d d d d
E(Lred ):E(Lred )‘E(Q)zwel '@(Lred ): Lredpitt

Equation 21. Applying the chain rule.

The derivative of L , (see Equation 14) with respect to the angle, 8, is more
or less easy to derive analytically and is here named Z . The L, matrix is
presented below in Equation 22.

Kl-Lps . K2- Ly Lot .
sin(@)+ cos(d) —— ﬁ-k2~5|n(0)+kl~cos(0)
26 242 2:/6 ; )
L redDiff =@el. 0 0
redDiff el Lkl ©) L k2 ) Ls (ﬁ k2.sin(@) +k1 (9))
-sin(@)+ cos -W3-k2-sin(@)+k1-cos
2.6 242

246

Equation 22. The L

eapyy MALTIX.
As we see now there is an expression that relates the current in the xy-
reference frame to the voltage in the xy-reference frame taking the field
winding into account at the same time! In the simulation, it is desirable to be
able to apply a certain set of phase voltage potentials and then see what
currents are driven. In Equation 23, Equation 20 is rewritten so that it is
useful for simulation.

7 -1 (7 = = e
I><y :_‘.(nyred '(u xyvirt _nyred "xy —Q(l..2,l..3)~ Lred (1--3:1--2)'|xy _LredDiffxy "xy )}jt
Equation 23. SMSM current and voltage relations suitable for performing
simulations.

Results from simulations in Matlab Simulink utilizing the mathematical
model presented in Equation 23 are presented later in Chapter 8, page 65.






Chapter 7

Control methods

In this chapter, the first two sections presents two different current control
methods operating in the rotating reference frame. The third subchapter
presents a method that helps a SMSM to produce a smooth torque.

71 Dedicated vector based current controller

In this section, current-controllers controlling the x- and y-directed currents
in a SMSM are derived outgoing from the model that is derived for the
SMSM. The method for deriving the controllers follows the methodology
presented in literature by Alakiila M. (2002).

Control of a SMSM utilizing dedicated current controllers is expected to
reach higher performance than control based on standard PI controllers.

The derivation of the current controllers is assumed to apply Dead Beat
Control. The principle of Dead Beat Control is to find the controller output
that must be applied to a system in order to bring the system output to the
set point in a minimum number of time steps. Ideally, the controller needs
only one time step (i.e. one sample interval) to reach the set point.

The controllers that are derived are supposed to be implemented digitally in a
Digital Signal Processor, DSP. The starting-point in the derivation is
Equation 20. Averaging Equation 20 oven one sample-time period, 7, gives
Equation 24.
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1 (DTs (k)T [ Ruyred “lxy +Q(L.-21..3)- Lygg (1..31..2)-iy, +
- uxyvmdt— d dt=
s kT, kT, | LredDifxy - 'xy+|-xyred dt( )
1 (DT, (k+1)-T,
=T [ Ryyred |Xydt+ [ OL.21.3) Lyeg (1.2.1..3)-iyy dt+
s kT, Ts kT,
1 kDT 1 (k)T
T_ ,[ Lreleffxy 'xydt+ ,[ nyred (xy )jt
s kT, s

Equation 24. Average of the SMSM equation over one sample time period.
A number of approximations are introduced and shown below.

Presumptions:
a.) ﬁxyvirt [k K +1]: nyvirt* (k)
b.) iaxy (k+1):TXy* (k)

iy " (k) iy (k)

¢) Tyl k1= >

d) i—xy (k): nnzkloli—xy* (n)_rxy (n)
Qk)=Q(k+1) ie. o(k)~m(k+1)
O(k)~0(k+1)

Lred (k)z L red (k+1)

nyred (k)szyred (k+1)

nyred (k)z nyred (k +1)

L redpiixy (K) =L redpiixy (K+1)

e.)

Equation 25. Introduced approximations.

The star (*) that appears in Equation 25 denotes that the value is a set-point
value for the controller.

Below follows explanations for the previously introduced presumptions in
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Equation 25.

a.) The average value over one sample period of the output voltage vector is
equal to the set-point of the voltage vector.

b.) The controller manages to control the current within one sample time
interval. This presumption implies that the voltage source has an unlimited
voltage level so that the desired current is reached within one sample interval.

c.) Presumption c.) is a consequence of presumption b.). The average value of
the x- and y-currents in the time interval [k,k+1] equals the mean value of the
set-point value (that is equal to next time instant value according to b.) and
the actual x- and y-currents. This means that the current is changing
approximately linearly in the interval.

d.) Since we are assuming that the set-point is reached within one sample
interval, the sum of all changes in each sample-time interval in the x- and y-
directed currents equals the actual currents.

e.) The rotational speed-, the reduced resistance- and the inductance matrixes
do not change considerably during the short sample interval. This is of course
an approximation as well and implies that the controller will not be ideal.
This probably introduces errors similar to the behaviour of the parameter
variations present in the rotating machine.

Utilizing the approximations mentioned above leads further in the
development of the dedicated xy-current controller.

Presumption a.), b.), c.) and e.) above make it possible to move the parameter
matrixes outside the integral signs as follows in Equation 26.
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1 (kD) Ts 1 kDT 1 (DT,
= JUypirtdt=Ryyreq = | iy dt+O(1.21.3) Lyey (1..2,1..3).T— [ igydt+
s kT, s kT, s kT,
—_— R e T
Gy [k Ty (k)i (k) Ty (k)i (k)
2 2
1 (DT, 1 DTy
L redDifxy ‘— i, dt+L —_ —\iyy dt
redDiffxy Ts k."[rs Xy xyred Ts k-"[l's dt(xy)j
—_— R
ixy*(k)‘Lixy(k) ixy*(k)iiXy(k)
2

Equation 26. Insertion of presumptions a.), b.), c.) and e.).

Insertion and usage of presumption d gives Equation 27.

i><y (k);ixy(k)+9(1..2,l..3)~Lred .ixy (k)+ixy (k)+
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I-redDiffxy 'u+ nyred '_'(| Xy (k +:I-)_|xy (k )):
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R - - - i (K)+iyy (k)
%red(lxy (k+1)-iy, (k))+ Ryyred “xy (K)+Q(1..2.1..3) Lyeg -M+
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0+ ig®) Lareg fon o+ -

I-redDif‘fxy < 2 2 + )fl)-/red ('xy(k"':l-)_h(y(k))::>

iy (k) S

z'xy

2

. R L - -
nyvirt(k):[ wred X-|¥md J'('xy (k+1)—'xy(k))+
S

Proportional part

n=k-1 - -
(nyred +I-redDiffxy ) Z‘b (ix; (n)_|xy (n))+ Q(:I---Zrl--?’)'l-red "xy (k)

n=

Feed forward part, i.e. induced EMF
Integral part

Equation 27. Insertion of presumption d and further development.
To estimate the control dynamics, some fictitious values and some data from

an existing Series Magnetized Synchronous Machine, Hagstedt D (2004), are
inserted into the derived controller algorithm (Equation 27). The data for the
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evaluated SMSM is presented later in Table 4 at page 70. In Equation 28 a
rough estimate of the controller output voltage reference is made.

Assuming 0 A as initial current both in the x- and y-direction, a y-direction
current set point is 10 A, initial rotational speed is 0 rad/s, the terms in the
matrixes R, and L, are approximated in Equation 28 (Estimations of
average values obtained from simulations) and finally the sampling rate is
f=15 kHz. (Ty=1/fs is the sample-time, the time between each sampling

instant)

* R L o nd
G| 2 5 ), )
S

#0

n=k-1 s - -
(nyred JrI—redDif'f><y ) ZO ('xy (n)_|xy (n))*Q(l--zrl--:’))'Lred "xy (k):
n=l
~0

~0
285 027 [0.05 004
{0.2 3.15}[0.04 0.07} 0A7 [ 6001V
2 1 'LOA}:LOSlGV}
Rygred 15000 e
2 Lyyred
TS

Equation 28. Estimation of the controller output values.

The estimated voltage reference is of course not a feasible voltage-level for this
application, if ever. From this, it is understood that the actual set-point value
will not be reached within one sample time interval for the specified sampling
rate. Yet, this assumption is used for reaching the final current controller
structure. A very brief estimation of the shortest possible current settling-time
(time to reach the set-point value) using the same parameters as used in
Equation 28 but with 300 V' DC-link voltage, indicates a current settling
time (0-10 A) of at least 2.5 ms. The dynamics of the system is thus specified
by the DC-link voltage and the specific machine properties. For reaching
control stability, the sampling rate should be at least 8-10 times faster than
the dynamics of the system to be controlled. The reasoning above implies that
it is not possible to perform any changes in the xy-reference frame that are
faster than the system dynamics. This sets an upper bandwidth limit on the
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torque compensating method that is presented later on. Nevertheless, a high
sample rate is required for updating the controllers with the correct rotor
position at high rotational speeds. The sampling of the phase currents is
synchronized with the converter switching for collecting current
measurements that do not contain any current ripple resulting from the
switching.

It is possible to separate the x and y variable by separating the lines in the
current controller algorithm that is presented in Equation 27, this is done in
Equation 29.

* Ryyred(11-2)  Lyyred@L1-2) ) (4 -
vairt(k):( ! d2( )I : (-jl—( )}(IX('()_IX(I())-F

n=k-1

(Reyred (L1-2)+ Lrecpifig(LL 2} )
n=

. Rered(21.2) Lorea@12)) (0« .
uWirt(k):[ ! dz( )‘ . (jl'( )]'('y(k)_'y(k))'F

(i (n)-iy (n))+9(1,1..3)- Lyeg @.32)-i5 (k)

Rures22-2+Logapiig@L-2} 2. (1 1)y (V)4 Q2L 3 Ly 2.30) ()

n=0

Equation 29. Control algorithms for the x and y direction respectively.

Simulation results utilizing this controller are presented in Chapter 8.3 at
page 76.

7.2 Field voltage vector feed forward

As the diode bridge rectifier forces a reconfiguration of the SMSM circuit at
each change of conduction state, the field winding is connected in different
ways as earlier shown in Figure 6.1. The field voltage vector shown in Figure
6.3 thus adds upon the stator voltage vector. The transient changes, arising
from the circuit reconfigurations, introduce high demands on the
performance of the current control of the SMSM. As the field voltage vector
is predictable, since we have the model of the SMSM, there is an opportunity
to calculate this voltage vector and feed it forward onto the output of the
controller. Hereby the controller is helped to compensate for the otherwise
cumbersome voltage transients introduced by the circuit reconfigurations.
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The reasoning above is a simple approach to obtain controllers that are
structurally simpler than the dedicated controllers are but still are aware of
the voltage transients.

Simulation results evaluating this type of controller are presented in section

8.4 at page 81.
7.3 Torque compensation

In the simulation results, it is realized that the torque, generated by a SMSM,
may not be as smooth as from an EMSM. Applying a constant current set-
point level in the y-direction normally gives a constant produced torque from
Synchronous Machines. In the SMSM case the field current is not constant
and thus neither the generated field flux. (BecauseW=L:i) The generated
torque depends on the generated field flux and the stator current according to

Tel=¥sxis. The torque ripple produced by a SMSM is approximately 15 %

out of the total produced torque, which agree with previous results, Tonin D.
(2003)

For eliminating this undesired torque ripple, an additional control algorithm
is applied for compensating the x- and y-direction current set-points. This
additional algorithm has the input quantity torque and the output quantity
corresponding to a current set-point. Mostly it is of minor importance that
the input torque set-point equals the generated torque since the drive in
many cases is speed controlled and thereby consists of two cascaded control
loops where the inner loop is the current/torque controller and the outer is
the speed controller. Both the inner and the outer controller are often of
proportional and integral type and therefore the outer controller demands
enough torque for reaching the speed set-point.

The torque compensation algorithm presented here is straightforward. The
deduction begins from the relation between the x- and y -direction current
and the produced fluxes in each direction. The relationship is shown in the
first line in Equation 30. The flux-linkage in the stator x-direction consists of
flux-linkage from the field winding via the mutual inductance and the flux
generated in the stator x-direction itself. (Line three in Equation 30) The
flux-linkage in the y-direction consists from the flux generated in the stator y-
direction itself only. (Line four in Equation 30) Adding these facts leads to
the expression for the generated torque that is shown in the last line of

Equation 30.
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Te| Z\Ijs Xi;
Vo= Wi + Lox 1sx =Lt Tf +Lgy lex
— A
from field current  from stator x-directed current
‘I’sy = LSy gy

—
from stator y-directed current
Ys=Yg + j~\l’5y

Tel :\Ijsxis:me 'if 'isy+(Lsx_Lsy)'isx'isy

Equation 30. Relation between the produced torque and the stator and fielding
winding current.

There are different ideas of how to combine the control of the x- and y-
direction currents, Alakiila M. (1993). In this case, the most intuitive and
simplest way is considered to be holding the x-axis current reference to zero
and modify the y-axis current reference. This way of controlling the current is
mentioned as “quadrature stator current control”, Alakiila M. (2002). If the
x-direction current is held to zero, it is possible to simplify the expression
given in Equation 30 with the result shown in Equation 31.

Ter =Lt 1% 'isy

Equation 31. Simplification of the relation between the field winding current and the
y-direction stator current.

The relation between the stator currents and the generated torque is simple.
As the phase currents are measured and known, the field current is easily
calculated using the relation i;=max(abs(fi,,ip.ic]), as mentioned earlier.

Rewriting Equation 31 and introducing the relation between mechanical
torque, 7, , and electrical torque, 7, gives Equation 32.

mek

p
Tmek :Tel E 2.T*
L% . k
AT e s
i el mf If-P

i, =——
¥ L i
Equation 32.

Were p is the number of poles of the electric machine and * indicates that the
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value is a set point value.

The y-directed current set point output is expected to act like the inverse of
the field current ripple that also can be seen in the results in Chapter 8.5 at
page 85.






Chapter 8
Simulation results

8.1 Implementation of simulation model

In this chapter, the control algorithms from earlier chapters are implemented
in the graphical simulation environment Matlab Simulink. The simulation
results are presented in the same order as in previous chapters. In the first
section, simulation results from simulating the operation of a SMSM
controlled by a common PI vector controller with the x- and y-direction
currents as the controlled quantities. Next subchapter presents the results
from operating the SMSM with, for the SMSM, dedicated current
controllers. In subchapter three simulation results from controlling the
SMSM with the voltage vector feed forward control method are presented.

When studying the simulation results and realizing that the current in y-
direction is no longer almost proportional to the generated torque, as in the
case of other types of synchronous machines. The controller is further
extended with a torque compensator, as mentioned earlier. These simulation
results are presented in the fourth subchapter.

The top level of the simulation model is shown in Figure 8.1.
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Figure 8.1. Top level of simulation model.
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In Figure 8.1 the commonly used vector controller structure is shown. The
stator phase currents are measured on the three phase electric machine (on
the right) and fed into the vector controller block (on the left).

In the simulation model shown above, the controller block transforms, by

using the angular position of the rotor, the actual current vector (in the af
reference frame) further to the rotating xy reference frame. In the xy reference
frame, the actual values are compared to the set-point values that also are fed
into the vector controller block. The PI controller is then operating based on
the deviation between set-point values and actual current values.

The controller calculates a suitable voltage vector that is required for reaching
the set-point current. The required voltage vector is then transformed back to
the three-phase reference frame via the two-dimensional non-rotating
reference frame.

After the controller block, the “modulation method” block calculates
corresponding phase set-point voltages by using different modulation
algorithms. The different modulation methods that are implemented are
Sinus modulation, Symmetrized modulation and Minimum switching
modulation. Depending on which modulation method that is chosen,
different switching patterns are applied to the machine.

The group of seven blocks in the bottom right of Figure 8.1 is for saving data
for further data analysis.

The power electronic dynamics are excluded from the simulation for speeding
up the simulation but it is verified, by testing, that the result when including
and excluding power electronics are similar.

Results from Chapter 6 and Equation 23 gives the graphical model for the
SMSM that is implemented in the block “Three phase Electric Machine” in
Figure 8.1. The simulation model of the SMSM is shown in Figure 8.2.
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The model for the SMSM, shown in Figure 8.2, may seem complicated to
follow but since it is built up strictly following the Series Magnetized
Synchronous Machine expression, Equation 23, it is considered to need no
deeper explanation.

The main difference between this model and an Electrically Magnetized
Synchronous Machine is that the machine impedances are depending on the
diode bridge conduction state and thus the rotor position. All varying
properties of the machine are calculated in the “Impedance Matrix” block,
seen in Figure 8.2. In this block also the inverse and derivative of the Lredxy
matrix is calculated.

In the following, results from simulations are studied. As the model does not
contain a speed controller, it should be observed that a constant y-direction
current will result in an accelerating or decelerating torque depending on the
sign of the current. In the simulated case, a step of 10 4 in the y-direction and
0 A in the x-direction is applied to the set-point of the current controller at
the time of 1 ms. At 30 ms the y-direction set-point value is decreased to 1 A.
The x-direction current reference is kept to 0 A during the simulation. The
initial mechanical angular speed of the machine is 40 rad/s. The sample
frequency, f; is chosen to 15 £Hz and the DC-link voltage is set to 300 V.
The load torque is set to 5 Nm and the inertia of the rotor, J , is assumed to
be 0.02 kgm’. The modulation method that is applied during the simulations
is sinus modulation. The high sampling frequency is based on the maximum
rotational speed of 18000 7pm and a 12 pole machine. 15 £Hz is fast enough
for performing 8.3 samples per electrical period that is assumed to be on the
lower limit for control.

Table 4 shows the electric machine parameters achieved from experiments on
the modified Lundell Generator, originally rated to 140 A, 14 V according to
Bosch, referred to in Hagstedt D. (2004).
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Table 4. Properties of the SMSM available in the laboratory.

Description Symbol | Value |Unit
Stator inductance in x - direction Lsx 24.3 |mH
Stator inductance in y - direction Lsy 275 |mH
Field winding inductance Lmf 30.8 |mH
Stator resistance Rs 28 |2
Field winding resistance Rf 0.65 |2
Number of poles p 12 poles
Rotor inertia J 0.08 |kgm®

As a complement to the different simulated controllers, controller output
voltage level limitation and anti-windup are introduced according to Figure

8.3 and Figure 8.4.
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Figure 8.3. Anti-windup for controller.
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unlimited
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Figure 8.4. Output limitation for controller.

The saturation block in Figure 8.4 limits the signal between one and infinity.

8.2 SMSM controlled by standard SM PI controllers

As we can see in Figure 8.5, the field current equals max(abs(ia,ib,ic)) as
expected. The phase current has a sinusoidal, but not perfectly sinusoidal

shape.

In Figure 8.6 the set-point and the actual values of the currents in the xy
reference frame are shown. From Figure 8.6, it is clear that the commutations
of the diode bridge rectifier introduce challenges for the PI controllers. At
each commutation, the machine impedances and thereby currents changes
transiently. In the common case, controlling other types of Synchronous
Machines, the PI controllers are handling DC signals in the rotating xy
reference frame. In this case, also transients need to be taken into account, at
least for perfect control. From Figure 8.6 it is obvious that there exist a cross
connection between the x- and y direction currents. According to the
discussion on page 59, it is clear that it is not possible to reach the set-point
within one sample interval for such a set-point step that is applied.

The field current contains ripple and thus the generated torque contains
ripple. The generated torque is calculated and shown together with the
rotational speed in Figure 8.7. The torque ripple is theoretically calculated in
Tonin D. (2003) to 15% that agrees with these simulation results.

The torque ripple may cause vibration in the driveline especially if the inertia
and load torque is low but it is shown in Figure 8.7 that the consequences of
the ripple are hardly noticeable in the plot of the rotational speed. (Even if
this case is a low load condition.) If the driveline consists of a belt this might
be harmed in the long run or together with the vibrations generate
oscillations in the driveline. For this application, assuming a vehicle, the
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environment is very harsh and the torque quality requirements are not very
high since the ICE itself generates a torque containing large pulsations.

A close view of Figure 8.6 shows that the current dynamics are similar to the
results from the discussion in section 7.1. The discussion led to a current rise-

time of 2.5 ms and the simulation results shown in Figure 8.6 gives a current
rise-time of 5 .
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Figure 8.5. Phase- (solid) and field winding (dashed) current.
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Figure 8.7. Generated mechanical torque and rotor rotational speed.



74 Chapter 8. Simulation results

In Figure 8.8 the voltage across the field winding together with the field

winding current is shown. In this figure, the relation between the derivative

of the field winding current and the voltage across the field winding can be
seen.
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Figure 8.8. Field winding voltage (dashed) and current. (solid)

As the calculation of the field winding voltage includes a derivative term, the
field winding voltage is noisy and introduces problems for the Matlab solver.
Therefore, the derivative signal is filtered very carefully using a low pass
Butterworth filter with very high cutting frequency. (1" order f, ,=10 kHz)

In Figure 8.9 one of the applied phase voltages and the resulting current is
shown. Here another valuable feature of the SMSM compared to a PMSM is
revealed. The phase voltages of a PMSM are very closely related to the
rotational speed of the rotor, for the SMSM it is different. In Figure 8.9 it is
clear that the phase voltage (amplitude) is related to the phase currents i.e. the
torque and the rotational speed. This can be interpreted as an “automatic
field weakening” feature. If a PMSM is deeply field-weakened, there is a risk
of damaging the permanent magnets in the rotor. In the SMSM and EMSM
case, field weakening can be performed down to any desired flux level. If the
DC-link voltage is not high enough for operating the SMSM at the desired
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speed and torque, it is not possible to build up the desired phase current.
When the phase currents drop, the magnetizing current also drops. This leads
to that the required voltage also drops. The noise on the phase voltage in
Figure 8.9 can be interpreted as the consequence of infinitely fast diodes that
are shifting between the conducting and non-conducting state.
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Figure 8.9. Applied phase voltage (dashed) and phase current (solid).

Figure 8.10 visualizes how the applied voltage vector moves in the xy-
reference frame. The applied voltage vector is shown in the left subfigure in
Figure 8.10. In the middle and to the right of Figure 8.10, the voltage across
the field winding and voltage vector across the stator are shown respectively.
The simulation begins from the origin at 0 V, and the voltage moves
transiently at time 1 s up and then down to circulation at point A. At this
point the current has reached 10 A in the y-direction. At 30 ms when the
current reference is changed to 1 A in the y-direction the voltage transiently
moves to point B were it begins circulating again. As the rotational speed
increases and the current is held constant, (i.e. also the field current is
unchanged) the required, and applied, stator voltage increases as seen in the
figure. The ratio between the field winding- and the phase winding voltage is
desired to be as small as possible as this number tells how much voltage the
field winding utilizes from the applied voltage.
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Figure 8.10. Voltage vectors in the rotating xy reference frame.

8.3 SMSM controlled by dedicated controller

In this subchapter, simulation results from controlling a SMSM utilizing the
dedicated PI controller from 7.1 are presented. The SMSM properties, DC-
link voltage, load torque, operating cycle, modulation method and sampling
frequency are the same as in section 8.2. For being able to compare different
results, the scope of the plots are the same as in section 8.2. After the result
plots follows a discussion comparing the results.
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Figure 8.11. Phase current and field current.
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Figure 8.16. Voltage vectors in the rotating xy reference frame.

A comparison between the corresponding plots utilizing different controllers
follows.

There is no large difference between the phase- and field winding current
waveforms (Figure 8.5 and Figure 8.11). What can be mentioned is that the
phase current waveform is less sinusoidal for low currents when the dedicated
current controllers are utilized.

The dynamics of the controllers in the rotating reference frame are studied
and based on the results in Figure 8.6 and Figure 8.12. The current reference
in the x- direction is held to zero and it is evident that the controller is not
able to compensate for the cross-connection from the y-direction current step
in any case of control method. It can also be concluded that the deviation
from the set-point value is even larger using the dedicated controller in the x-
direction. In the y-direction, the dedicated controller seems to be
advantageous for treating the current ripple coming from the diode bridge
commutations at high current levels. In low current levels, the dedicated
controllers seem to perform worse. The overall performance in the rotating
reference frame is similar for the two controllers.

Considering the generated mechanical torque in Figure 8.7 and Figure 8.13,
only one difference is recognized. The difference is in the generated torque
ripple, where the torque ripple is less when utilizing standard PI controllers.

As mentioned earlier, the current set-point will not be reached within one
sample time interval when applying a step in the current set-point. By setting
the DC-link voltage to a non-realistic value, 10 £V, and performing the same
simulation again the transient miss-behaviour is almost erased. Such a high
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DC-link voltage equals an assumption that the voltage source is not a
delimiting factor for reaching the current set-point within one sample time
interval. This is shown in Figure 8.17. Utilizing such a high DC-link voltage
is of course only possible in simulations and mainly interesting for
investigating the reason of the miss-behaviour in transient mode of operation.

10F 10
|
|
|
|
5r 5n |
|
|
|
|
< < ‘
g O~y ey —————————————— g or
] =]
O (]
5r -5r
-101 -101
I I I I | I I I I )
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time [s] Time [s]

Figure 8.17. x- and y-directed current references and actual currents, using very high
DC-link voltage.

As a comparison, using 1 kHz sampling frequency and 300 V DC-link
voltage the current controllers do behave much more poor since the
controller parameters depend on the sampling frequency. A low sampling
frequency gives low controller gain that gives the result shown in Figure 8.18



8.4. SMSM controlled by field voltage vector feed forward

81

101

Current [A]

o
\
%

|

|

|
Current [A]

-101 -10r

L L L L I L L L L I
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time [s] Time [s]

Figure 8.18. x- and y-directed current references and actual currents, using low
sampling frequency.

8.4 SMSM controlled by field voltage vector feed
forward

Since it is known that the standard PI controller is good for controlling a
Synchronous Machine in the rotating reference frame, an intuitive idea is to
use a standard PI controller and add the knowledge about when and where
the field winding is connected. In this chapter, simulation is performed
utilizing a standard PI controller (i.e. same as in 8.2) but with its output
supplemented with the calculated field winding voltage vector. Making this
experiment, the PI controllers should be well prepared each time a
commutation in the diode bridge rectifier occurs.

Of course, the field winding voltage vector is difficult to determine in reality
since it to a large extent is dependent on the field winding current derivative.
In these simulations, the field winding voltage is calculated using the third
line in Equation 13.
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Figure 8.20. x (left) and y-directed (right) current references (dashed) and
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Figure 8.21. Generated mechanical torque (left) and rotor rotational speed.
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Figure 8.22. Field winding voltage (dot) and current (solid).
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Figure 8.24. Separated voltage vector.

Figure 8.19 shows that this type of controller produces the most pure
sinusoidal phase currents.

Figure 8.20 reveals that this type of controller is the most suitable controller,
out of those that are evaluated in these simulations. It is obvious that the
transient behaviour is still a problem since the DC voltage source is limited.
This may be alleviated by filtering the current reference signals.

Figure 8.22 show that the field winding requires higher voltage than in the
other cases when using this type of controller.

In Figure 8.24 it is seen that the field voltage vector is similar to the other
cases but the voltage across the stator is tweaked even more for reaching
sinusoidal currents.

8.5 Torque compensation

The torque compensation method is an approach to force the SMSM to
produce a more smooth torque. As mentioned earlier, this method holds the
x-direction current reference to zero and modifies the y-direction current,
taking the field winding current into account, so that the produced torque
should be constant. The current controllers that are used are the standard PI
controllers with the field voltage vector feed forward. The main results of
interest are shown in Figure 8.25 to Figure 8.27.
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Figure 8.27. Generated mechanical torque (left) and rotor rotational speed.

In Figure 8.25 it is shown that the phase current no longer has a sinusoidal
behaviour. Instead of pure sinusoidal, the phase current shape is almost
piecewise linear and piecewise sinusoidal.

The y-direction current reference in Figure 8.26 actually follows the inverse
of the field winding current ripple at each point of time so that the product of
these, and hence the torque, is constant.

The produced torque is, as expected, fairly constant and is shown in Figure
8.27.






Chapter 9
Laboratory results

9.1 Laboratory equipment

The laboratory measurements are performed in the IEA department lab at
Lund University. The setup consists of two shaft-connected electric machines,
one DC-machine and one SMSM. The DC-machine is controlled by two
cascade interacting controllers, one current and one speed controller. The
speed controlled DC-machine is fed from a four-quadrant power electronic
converter and the SMSM is fed from a three-phase power electronic
converter. The DC-machine and the SMSM are both connected to the same
DC-link voltage. An overview of the laboratory setup can be seen in Figure

9.1.

The controllers for the two machines are implemented in the dSpace (version
ds1104) environment. The dSpace environment offers the possibility to
implement the controllers in the Matlab Simulink environment. The
development procedure begins with simulation where the user can implement
his controllers in the Simulink simulation environment. When the user is
satisfied with the simulated controller performance, the implemented control
software is compiled and downloaded to an external electronic board that
executes the control software in real-time. The external board is then able to
control the power electronic converters, perform analogue to digital and
digital to analogue conversions of different signals and forward (and receive)
information to the personal computer to be interpreted by the user.

Since vector control with sampling frequency of 10 #Hz is a demanding task,
the controllers are not implemented in the Simulink environment. The
compiler that compiles the code to be downloaded to the external dSpace
board is not efficient enough. The ratio of the sizes (number of code lines)
between the compiled code and the handwritten code was approximately
20:1. Hand-written c-code thus made a great improvement in execution
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time. Since the hardware of the dSpace board is limited, as an example,
changing time between different multiplexed analogue to digital converters,
and the fact that the user has no control of these limitations when generating
code from the Simulink environment, the user is more aware of what is really
happening in the processor unit when writing c-code. In the end it became
also obvious that the dSpace user interface did not manage to show the
correct timescale in the user interface, thus all the output signals had to be
digital to analogue converted and then measured using an external
oscilloscope on the external dSpace board signal output.

DC-machine | SMSM

-t

Output measurements
AA

L

Two ohase Pow Three phase Power
Wo phase Fower Electronic converter D-Space control DSP
Electronic inverter

N

Input power » | Common DC-link

— 1 AA

Input set-points

Figure 9.1. Laboratory setup sketch.
9.2 Measurements

Since the derived dedicated controller is very complex, experiments are
performed when controlling the SMSM with standard PI controllers in the
rotating reference frame. For implementing the dedicated controller, more
computational resources are required than available with the ds1104 dSpace
board. The SMSM is controlled with standard PI controllers and this is

sufficient for comparison and evaluation of the simulation model.

The torque compensation method is implemented. Unfortunately, the
mechanical torque transducers, available in the lab, have strongly limited
dynamic properties that prevent the analysis of the torque dynamics that is
necessary for evaluation of the torque compensation method. Another fact
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that complicates the evaluation of the torque production is that the SMSM is
based on a Lundell generator that has a high cogging torque itself. It is a
difficult task to separate the cogging torque from the for the SMSM specific
torque ripple deduced from the field current ripple.

The experiment environment is very noisy so the measurement signals are
post-filtered with a moving average filter in Matlab. Both measurements and
fillered measurements are shown in the following figures for those
measurements that require filtering. The moving average method removes
noise and peaks without introducing phase shift. Filtering was performed
after all measurements were done with different number of averaging
elements. The filtered results were compared to the original measurements so
that the curve envelope did not change.

The presented phase current measurements are collected from the dSpace
electric output signals. DSpace measures the phase currents with standard
LEM current transducer modules. The field winding current was measured
using a so-called Rogowski coil. The Rogowski coil has a lower bandwidth
boundary than the standard clip-on current transducers available at the
department (Even if the Rogowski coil is at its best at high frequencies.). As
the Rogowski coil cannot measure DC currents, the rippling current level
seem to decrease slowly in Figure 9.2

It is realized that the two different current measurement instruments, i.e. the
Rogowski coil and the clip on current measurement device, are not calibrated
since there is minor quantitative difference in the measurement results. Thus,
the presented measurements are suitable for comparing different signal shapes
and not for quantity comparisons.

The field winding voltage was measured using a galvanic isolated high-voltage
(maximum 1000V) probe with a scaling factor of 50:1.

Standard Pl control of SMSM

The set-point of the current references follows a cycle that is similar to the
one used in the simulation. The X - direction current set-point is held to 0 4
during the measurements. At 1 s the y-direction current set-point is changed
to 10 A and approximately 30 s later the y-direction set-point is changed to
1 A. The 1 A set-point is held for 20 ms and then set to 0 A which is
maintained for a longer time. This cycle is then repeated untl user
interruption.
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Phase and field current measurements are shown in Figure 9.2. As shown, the
field winding current does not fall as fast as in the simulation. This difference
is discussed in Chapter 10.
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Figure 9.2. Phase- (blue) and field (red) current. (filtered signals on the right)

In Figure 9.3 the x- and y-direction current set-points and actual currents are
shown. Red line is actual value of the current and blue line is current set-
point. In the x-direction that is shown in the two plots on the left, the
current set-point is held to zero. The rise-time of the current is measured to
approximately 3 s that is shorter than the simulations indicated in Figure
8.6 (5 ms) but still in the same order. It is also verified that there is a cross-
connection between the x - and y-direction.
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Figure 9.3. x- (left) and y-direction (right) current (red) and current set-points (blue).
Bottom two figures show the filtered signals and the two plots on the top shows the
unfiltered signals.

Figure 9.4 shows the voltage across (blue) and the current through (red) the
field winding. It is evident that the shape of the voltage across the field
winding differs between simulation and experimental results. This will be
discussed in next chapter. As expected, there is a voltage ripple that can be
referred to the current derivative as for all inductances.
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Current [A] (red) and Voltage (blue)
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Figure 9.4. Field winding voltage (blue) and current (red).

Figure 9.5 to Figure 9.7 shows the same measurement results as the previous
three plots but with the torque compensation method implemented. There is
a constant torque set-point that further generates a varying y-direction current
set-point depending on the field winding current.

The phase current shape in Figure 9.5 agrees well with the simulation results.
The same decaying behavior of the field winding current is present with and
without the torque compensation behavior. It is also traceable that the field
current ripple is less utilizing the torque compensation method.
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Figure 9.5. Phase- (blue) and field current. (filtered signals on the right)

In Figure 9.6 it is also shown that the current controllers fulfill the task to
follow the varying y-direction current reference for generating a more
constant torque. From this figure, it is also evident that there is an upper
boundary in the rotational speed for which the torque compensation method
is applicable. The current stiffness and DC-link voltage together with the
performance of the current controllers determine the dynamics of the current
controller. This fact does not introduce any trouble since the vehicle mass
itself act like a low pass filter for the interacting forces. (i.e. driving and
braking torques). A cross-coupling between the x- and y-direction is still
present.
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Chapter 9. Laboratory results
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Figure 9.6. x- (left) and y-direction (right) current (red) and current setpoints (blue).
Bottom two figures show the filtered signals and the two plots on the top shows the
unfiltered signals.

In Figure 9.7 the voltage across the field winding and the current through it
is shown when utilizing the torque compensation method. Since the field
winding current ripple is less according to previous reasoning, also the voltage

ripple across the field winding is less.
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9.2. Measurements

(enja) abeyjoA pue (pal) [v] waund

Time [s]
Figure 9.7. Field winding voltage (blue) and current (red).






Chapter 10

Deviations between simulation
and laboratory results

This chapter discusses some ideas of why some simulation results deviate
from laboratory results.

There is an error of basic character that can be perceived when studying the
SMSM circuit at page 49. The consequences can be seen in Figure 9.2 and
Figure 9.5 where the field winding current is declining with “its own pace”
and is not influenced by the phase currents. Studying the SMSM electric
circuit again one realizes that the minimum voltage across the field winding is
—2Uy were Uy is the forward voltage drop across one diode in the diode

bridge rectifier. Thus, the diode bridge rectifier clamps the negative voltage
transients across the field winding to -2-Uy V. When all the phase currents

are lower than the field winding current, the stored magnetic energy (in the
field winding) tries to maintain the flux level and generates a negative voltage
that is clamped by the diode bridge rectifier. A closer examination of Figure
9.4 and Figure 9.7 reveals that there actually is a low negative voltage across
the field winding when this occurs.

The diminishing of the field winding current can be estimated by solving the
differential equation for the roughly estimated demagnetizing circuit shown
in Figure 10.1. The voltage source corresponds to the voltage drop across the
diode bridge rectifier, the resistance and inductance (self inductance) are the
field winding resistance and inductance respectively. As an initial condition
for the differential equation, the field winding current equals the field
winding current present at the moment just before the decrement of the
phase currents.
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2U,—

Figure 10.1. Equivalent demagnetization circuit.

The differential equation for the equivalent demagnetization circuit is shown
in Equation 33 and its solution in Equation 34.

di ¢ .
—Lf 'd——Rf I _Z'Ud =0
t T

Ug

Equation 33. Differential equation for the demagnetization circuit.

1t
. 2Ud R 2Ud L
if(t)=— + s (t=0)+———|e
0] R, [f( ) Rf]

Equation 34. Current in the equivalent demagnetization circuit.

With Rf=0.65 Q, L=70 mH and U=0.9 V the demagnetization curve shown
in Figure 10.2 (blue) is achieved. Since the voltage source in is a model of the
diode bridge, it is obvious that it is not able to drive a current in the negative
direction since it cannot deliver any energy.
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Figure 10.2. Demagnetization curve for the equivalent circuit, measured (red)
and calculated (blue).

In Figure 10.2 the theoretical demagnetization curve and the measured field
winding current are plotted for comparison. Of course, there are uncertainties
in parameter estimations that may be of importance for obtaining similar
shapes of the field current. After approximately 35 s, the current set-point
changes to a lower value and from there on, the field winding current
decreases while the stored magnetic energy is discharged in the field winding
resistance and freewheeling diodes.

For studying the diode bridge rectifier behaviour, further simulations are
performed in a simulation environment for electronic simulations. The used
software, LTspice, is free of charge and supplied by the electronics
manufacturer Linear Technology at their internet webpage (www.linear.com).
The software is flexible and easy to use. In the electronics simulation the
magnetic connection between the stator and the rotor is not taken into
account but since the circuit is fed from ideal current sources and for
understanding the operation of the diode bridge rectifier in this application,
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the circuit fulfil the task.

The circuit used for electronic simulation is shown in Figure 10.3.

R2

100000

Atran 0,225

T

100000
Figure 10.3. The SMSM electric circuit for simulation.

The shape of the three phase currents produced by the 8 current sources (on
the left) and applied to the SMSM circuit are shown in Figure 10.4 together
with the consequent field winding current. The current cycle in this
simulation begins with three sinusoidals with the amplitude 10 A and
frequency similar to previous frequencies occurring in previous simulations
(38 Hz). At approximately 50 ms the amplitudes are changed to /4 as in
previous simulations. In the LTspice simulation results, the field winding
current fall-time, from 10 A to 0 A, is approximately 165 ms. This result
corresponds to the results from Equation 34 very well.

In Figure 10.5 currents involving one phase in the circuit during the
freewheeling period are shown. This figure gives an understanding of how the
rectifying circuit works in this application. First, from Figure 10.5 it is clear
that the upper diodes conduct when the particular phase current is positive
and the lower diodes conduct when the particular current is negative. The
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freewheeling field current is shared between the three phases in the rectifier
and forms the envelope of the current through the diode currents. The phase
current is equally shared and lowers the current in the lower diode at the
same time as it raises the current in the upper diode.

Since all diodes are conducting in the freewheeling region, ideally assuming
no forward voltage drop, the three phases in the electric machine are

connected in a common star configuration.
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Figure 10.4. Applied phase currents and consequent field current.
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Figure 10.5. Phase current (black) compared to diode bridge rectifier currents (blue
and red) and field winding current divided by three.

10.1  Consequences of the deviations

As seen in previous section, magnetizing of the field winding in a SMSM is
much faster than demagnetization. The consequences of this are not
considered critical for the BAS application since the acceleration of an ICE is
assumed slower than the demagnetization of a SMSM.
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Conclusions

The Series Magnetized Synchronous Machine is an electrically magnetized
synchronous machine with a novel field winding circuit configuration.

The SMSM is considered in an automotive application implementing
Stop&Go functionality as well as an assisting source of torque in the weak
region (low rotational speeds) of the ICE.

Since the phase currents in an SMSM are forced to pass through two diodes
and two sliprings there are voltage drops in the circuit. Low voltage, high
current applications may result in a low efficiency of the electric drive. In
applications where the voltage drop across the sliprings and the diodes only
correspond to a fraction (few percents) of the DC-link voltage (In a system
with well matched voltage levels between machine and DC-link voltage) the
SMSM is a competitive alternative.

Simulations are performed on a vehicle basis for minimization of the fuel
consumption. As the electric machine (synchronous machine) performs best
in its nominal operating region, minimum fuel consumption is found for a
certain electric machine size. The optimum electric machine rated power is
approximately 5 £#W, nominal power, which is a rather small machine but
sufficient for implementing Stop&Go functionality and torque assist at low
rotational speeds. Since 5 W machine output covers the peaks of the
demands on the electric drive, the power rating of the converter should be
similar. The machine is assumed to be a multi-pole electric machine for being
capable of producing the high torque that is demanded. Yet, the number of
poles is limited by e.g. the computational capability of the controlling DSP.

In this thesis, a simulation model for the SMSM is provided. The simulation
model is well working, i.e. provides a high degree of agreement compared
with measurement results, for steady state operation and positive current



106 Chapter 11. Conclusions

transients in the rotating reference frame. The negative transient behaviour of
the simulation model does not follow the measurement results.

Dedicated controllers are derived for reaching optimum control.
Unfortunately the controllers that are derived are very complex, as the model
for the SMSM itself, and not suitable for implementation in a DSP. Of
course, if special effort is put in the implementation it may be possible but
requires high computational power. Since the dedicated controllers are based
on the model for the SMSM it is expected not to control the decreasing
current transients in a correct manner in an implemented electric drive. Thus,
it will perform worse in reality than in simulations and is not recommended
to be implemented in an electric drive.

Controllers based on feed forward of the field voltage vector are evaluated in
simulation in Chapter 8.4. The idea of calculating the field voltage vector and
feeding it onto the output of the standard PI controllers’ outputs is good but
also has a drawback. The calculation of the field voltage vector is based on
time derivative of currents. In power electronics, currents often contains a
current ripple due to the power electronics switching and is exposed to much
noise that also is a consequence of switching. There are several methods for
measuring noisy signals. For attenuating the current ripple one can use a PLL
circuit for recreate a noiseless copy of the measured signal, filter circuit for
attenuate higher frequencies or simply to synchronize the sampling with
power electronic switching. Even if these, or other, methods are utilized it is
not recommended to perform derivation of a signal since it introduces a high
sensitiveness to noise.

Standard PI controllers operating in the rotating reference frame are
considered sufficient for achieving viable control of the Series Magnetized
Synchronous Machine.

A torque compensation method that forces the SMSM to produce a constant
torque is derived. Results in terms of torque measurements are not available
since there are limitations in the available measurement equipment dynamics.
Most likely, this method works for low rotational speeds even if the SMSM
model is inaccurate for negative current transients. This is valid for low
rotational speeds when the negative field winding current derivative is in the
same order or less than the derivative of the negative derivative part of the
rectified phase currents. In other words; if the phase currents decrease as slow
as the field winding current does during freewheeling. When the rotational
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speed increases, the field winding current ripple decreases so there is no
longer any need for torque compensation. The conclusion from this thus is
that a SMSM generates a constant torque for higher rotational speeds. It must
also be mentioned that the time constant of the field winding circuit in a
SMSM is the same as for an EMSM but since the field winding is
magnetically demagnetized in two series connected diodes, the
demagnetization time is half as long as in the EMSM case that is fed from a
step down converter.






Chapter 12

Future work

The implementation of the SMSM drive in a BAS application need more
work. A well working controller is implemented in a DSP by programming in
the C-language. Since it is shown in this thesis that a standard PMSM-like
vector control is enough, implementation of an on-board control system
needs no research. An on-board three phase inverter need to be designed to
fulfil the requirements such as e.g. size, weight, cooling, operating ambient
temperature, overload and integration. The control system also requires
communication with other on-board computers for protection systems, input
and output signals.

It would have been interesting to quantify the effects of the torque
compensation method, refining the simulation model so that it is valid also
for negative current transients and for the field voltage vector estimation. If
the field voltage vector is known, it is of course also very interesting to
implement the field voltage vector control strategy as an alternative to the
very complicated dedicated controllers.
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Appendix A

A.l Abbreviations

Abbreviation

Explanation

BAS Belt driven Alternator and Starter

BLDC Brushless Direct Current machine

DC Direct Current

DFIG Doubly Fed Induction Generator

DSP Digital Signal Processor

EHR Electric Hybridization Rate

EMC ElectroMagnetic Compatibility

EMDC Electrically Magnetized Direct Current Machine
EMF ElectroMotive Force

EMI ElectroMagnetic Interfearance

EMSM Electrically Magnetized Synchronous Machine
HEV Hybrid Electric Vehicle

ICE Internal Combustion Engine

IGBT Insulated Gate Bipolar Transistor

IM Induction machine

MHEV Mild Hybrid Electric Vehicle

MOSFET Metal Oxide Semiconductor Field Effect Transistor
PMDC Permanently Magnetized Direct Current Machine
PMSM Permanently Magnetized Synchrnous Machine
SEK Currency of Sweden, Swedish crowns

Si Silicon

SiC Silicon Carbide

SMSM Series Magnetized Synchronous Machine

SRM

Switched Reluctance Machine




