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Abstract

i

This thesis deals with a novel concept for a complete hybrid electric vehicle drive.

The major contributions of the thesis are the patented integrated energy transducer drive for
hybrid electric vehicles, its equations and control, besides design and construction of the
integrated energy transducer.

The increasing number of combustion driven vehicles and power generation based on burning
fossil fuel e.g. oil, gas and coal, have lead to severe air pollutions in some areas and the CO2-
emissions contribute to a possible global warming. These problems have forced legislators to
legislate for cleaner and more environmental friendly fuels and vehicles. One possibility to
fulfil these legislations, is hybrid electric vehicles. These vehicles have generally less toxic
emissions and higher fuel efficiency, than conventional combustion driven vehicles. During
the last decades, the main hybrid electric vehicle drives have been series and parallel hybrid
electric drives. In the last 5-7 years special combinations of these drives have also been
presented.

The novel integrated energy transducer drive for hybrid electric vehicles, is based on a
different drive concept than the conventional series or parallel drives. The main components
in the drive are an integrated energy transducer (IET), an inverter, a battery, a continuously
variable transmission and an internal combustion engine (ICE).

The integrated energy transducer drive enables the internal combustion engine (ICE) to
operate with a constant torque and rotational speed, which reduces the emissions and
increases the fuel efficiency. The number of components are few and the rated power of the
electric components is the same as that of the battery.

Known hybrid electric vehicle drives are presented together with the important components of
the drives. The IET-drive is presented with all its operating modes. Component requirements
and the design procedure of the transmission components are also given.

A theoretical investigation is conducted on possible electric machine topologies of an IET,
followed by a theoretical design of an IET. A constructed permanent magnet IET-prototype is
presented and investigated. Measurements are compared with theoretically calculated values.
The IET is a double rotor machine, which means that both the rotor and the stator, containing
a three-phase winding, are rotating.

The dynamic equations of the IET-drive are derived. In hybrid mode, the IET-drive requires
special control algorithms, since the system is a non-minimum-phase system. The control of a
complete integrated energy transducer drive is presented. Dynamic simulations are conducted
on the drive with the FTP-75 drive cycle. The simulation results are investigated and the
simulations verify that the ICE can operate at a constant arbitrarily torque and rotational
speed, independent of the road load. Furthermore, dynamic test results of the IET-prototype
are investigated and presented with its control.

Drives of electric and hybrid electric vehicles produce different sounds, compared to
conventional vehicles, for the surroundings, but mostly for the driver. Transmission noise
could therefore be recognised in a hybrid electric vehicle. Therefore, it is vital that the drive
of a hybrid electric vehicle is silent and does not create unnecessary noise. One noise which
might occur in the transmission of a hybrid or electric vehicle, originates from cogging in
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PM-machines. Design suggestions for eliminating cogging and comparison between different
techniques of reducing cogging are given. It was found that skewing reduces the
electromagnetic torque ripple, besides a reduction of the cogging. However, in PM-machines
with a low number of slots per pole and phase, the torque reduction due to a skew of one slot
pitch, can be several percent.
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1

More than one hundred years ago the combustion driven vehicle was seen in Los Angels to be
a solution to the foreseen environmental problems, caused by the transportation system of
those days - horses. The number of horses was rising rapidly and if nothing was done, the
amount of horse dung on the streets could be developed into environmental problems. But as
we all know, the combustion vehicle has maybe not been the optimum solution, from our
environmental point of view.

However, the combustion driven vehicle was not successful until 1918, when the gasoline
powered internal combustion engine had been further developed for vehicle applications.
Before 1918 the electric vehicle (EV) was the most sold vehicle. By 1933 the number of EV’s
was reduced to nearly zero, because it was slower and more expensive than the combustion
driven vehicle [11]. The increasing number of combustion driven vehicles and power
generation based on burning fossil fuel e.g. oil, gas and coal have lead to severe air pollutions,
e.g. smog in some areas, and the CO2-emissions contribute to a possible global warming - the
green house effect [12]. The brown smog is generally formed from vehicle emissions of
mainly hydrocarbon. Ground level ozone, which can damage the lungs, is formed by electric
discharges, but also by hydrocarbon in combination with sunlight and the presence of NOx.
Not even the cleanest gasoline-powered vehicle envisioned by California Air Resources
Boards regulations of 1998, will not enable the Los Angeles area to attain the federal air-
quality standard for ozone [13].

As a consequence of the increasing environmental problems, mainly caused by the industrial
emissions and combustion driven vehicles, have lead to tougher legislations which demands
low or zero emission vehicles.

California Air Resources Board, CARB, was formed in 1968 and is considered to be one of
the world leaders in developing motor-vehicle emission standards. In 1990 CARB adopted a
Zero-Emission Vehicle (ZEV) rule, which was amended in 1996. This states, that ten percent
of light-duty vehicles marketed by manufacturers must be ZEV’s, beginning in the year 2003.
Manufacturers who market 3000 or more vehicles per year in California are subject to the rule
[13]. CARB defines a ZEV as a light-duty vehicle, that does not produce tailpipe emissions.
ZEV’s have been considered to be pure electric vehicles, driven by batteries or the recently
developed fuel cells. However, there is no such thing as an absolute zero-emission vehicle.
Batteries must be charged by electricity, and when the electricity is generated, there will be
power plant emissions. CARB state that these power plant emissions are about one-tenth the
emissions produced by an Ultra Low-Emission Vehicle, ULEV [13]. In November 27th 1999,
CARB approved new legislations [15], where a hybrid electric vehicle or any other type of
vehicle, can be regarded as a ZEV, if they fulfil the ZEV emission standard [14].
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Besides California and USA, also Asia and Europe are following with more demanding
legislations on fuel and vehicle emissions, not only for cars, but also for trucks and buses.

The batteries of today, have too low energy density to supply an EV with a competitive
driving range, compared to a combustion driven vehicle. The charging time is still long and
EV batteries are still too expensive. Pure EV’s are especially difficult to utilise in heavy
vehicle applications, such as buses or trucks and in countries with a hot or cold climate, where
the passenger compartment requires air-cooling or additional heating. The new legislations
which enables clean hybrid electric vehicles to be classified as zero emission vehicles, opens
even more possibilities for the hybrid electric vehicle. However we must keep in mind, that
the only long term solution to the environmental problems, caused by vehicle emissions, is the
combustion or any other energy conversion which is based on environmental friendly
renewable energy sources.

This thesis contributes with a new hybrid electric vehicle drive, the integrated energy
transducer drive, as a small step towards a better environment.

Chapter 2 presents the main hybrid vehicle drives and other newly developed systems, also
their components are described, with a greater focus on combustion engines and gearboxes.

Chapter 3 describes the integrated energy transducer drive (IET-drive), its principle of
operation, power equations, operating modes and the design procedure for the drive
components.

Chapter 4 presents possible electric machine topologies of the IET and investigates the
chosen topology. The design criteria is given for the IET, which is a double rotor machine.

Chapter 5 presents the theoretical design of the integrated energy transducer.

Chapter 6 deals with a constructed IET prototype. The prototype construction is presented,
investigated and measured results are compared with calculated values.

Chapter 7 deals with torque ripple focusing mainly on cogging in permanent magnet
machines. Cogging is an unwanted phenomena, which creates control problems and noise.
This chapter gives design suggestions for eliminating cogging and comparison between
different techniques of reducing cogging.

Chapter 8 presents the control of a the new hybrid electric vehicle drive, its dynamic
equations, dynamic simulations of the drive with the FTP 75 drive cycle. Transient tests
conducted on the IET prototype are investigated and presented with its control.

Chapter 9 presents the conclusions of the thesis and future work is also suggested.

Some of the results presented in this thesis have been earlier published in conference papers
[2]-[6]. There is one patent on the hybrid electric vehicle drive [1], and several filed
international patent applications.
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Series and parallel hybrid electric drives have been the main hybrid systems for the last two
decades. There are a numerous number of different concepts based on these two systems and
there are still new hybrid drives coming up. Almost all hybrids use combustion engines,
(except fuel cell driven hybrids), gearboxes, electric motors, inverters and batteries. The
difference is mainly on how the components are mounted together, which give them different
characteristics. This chapter will present the main hybrid drives, combinations of them and in
the last sections some special components used in hybrid electric vehicles.

The series hybrid, Figure 2.1, is basically consisting of an internal combustion engine, ICE,
with a direct coupling to a generator. The generator is connected to an AC/DC converter and
an intermediate DC-link containing the battery. The vehicle is driven by an inverter fed
electric motor supplied from the DC-link. The electric motor is often designed for a high
speed to obtain low weight and small volume. In general one or two fixed gears are used in
the gearbox.

Electric
motor

ICE

Battery

~
= ~

=

Generator

AC/DC DC/AC Gearbox

Figure 2.1: Series hybrid vehicle drive.

In a series hybrid the power from the energy sources are connected in series before the power
is delivered to the wheels, thus it is called a series hybrid. In electric mode the ICE is
switched off and the vehicle is driven solely by the battery.

The rating of the components are:

• the generator is designed for the power of the ICE

• the AC/DC rectifier for the same power

• the DC/AC inverter is designed for peak power i.e. the battery power plus the ICE power

• the electric motor has also to be designed for peak power.
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The series hybrid allows the ICE to operate at its optimal torque and rotational speed at any
time. This is possible because the ICE has no mechanical connection to the wheels. The
propulsion power is always converted from electric energy.

The main advantages of a series hybrid are:

• the ICE can operate at its optimum working point i.e. at high efficiency and low emissions,

• the ICE and the electric drive can be mounted separately i.e. the weight can be distributed
which makes it possible to use a low floor in e.g. buses.

The main disadvantages are:

• a large electric motor, because the electric motor must be designed for both the power from
the battery and the ICE.

•  A large inverter for the same reasons as above and

• a large number of components and thus the efficiency can become lower on highways in
hybrid mode.

The combustion engine can be a diesel, a gasoline engine or a gas turbine [124].

The parallel hybrid, Figure 2.2, is basically consisting of a ICE with a direct coupling to a
gearbox. On the output shaft of the ICE an electric machine is mounted. The electric machine
is connected to the batteries via an inverter.

~
=

Gear
box

Electric  motor

ICE

Battery
Clutch

Inverter

12

Figure 2.2: Parallel hybrid vehicle drive

The power to propulse the vehicle in hybrid mode comes from the ICE and the batteries.
When additional torque is required (acceleration or retardation) it is supplied by the electric
machine, which means that the ICE can operate at its optimum torque but not at its optimum
speed. The clutches in the parallel drive shown in Figure 2.2 are required partly during the
start of the ICE, when clutch one is disengaged to disconnect the wheels and partly in electric
mode, when clutch 2 is disengaged to disconnect the ICE. There are parallel hybrid drives
with only one clutch [16].

The ratings of the components are:

• the electric motor is designed for the battery power
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• the inverter is designed for the same power.

The main advantages with a parallel hybrid are:

• the number of components are low and

• lower power ratings on the inverter and the electric motor compared with the series hybrid.

The main disadvantages are:

• the ICE cannot operate at both arbitrary torque and rotational speed, further

• the ICE and the electric machine must be mounted together.

The gearbox has normally either several gears [17] or is a continuously variable transmission,
CVT, [18] and [19]. CVT’s are described in section 2.6.1, basically it is a gearbox with an
infinite number of gear steps and not a gearbox with fixed steps as in a conventional gearbox.
The Integrated-Starter-Generator hybrid vehicle [44] is a parallel hybrid vehicle in which the
ICE flywheel is replaced by a large starter/generator motor. This is an interesting solution due
to its simple and cost effective design.

"Der Autarke Hybrid" see Figure 2.3, or "the self-sufficient hybrid" is a special version of the
parallel hybrid [20], [63] and [183]. According to the name it is self-sufficient and therefore
its batteries are not intended to be charged from the electric-grid. The ICE in the Autarke
hybrid can be operated at arbitrary torque and rotational speed just as in a series hybrid.

Inverter

Battery
=

~

Electric
motor

ICE
i2-CVT

Fix gear ratios

Clutch

Wheel

Fixed
gear

Gearbox

Figure 2.3: Autarke hybrid drive

The ICE is coupled to the CVT by engaging the clutch. During accelerations the electric
motor is delivering torque to the ICE output shaft just as in conventional parallel hybrids. In
parallel drives the ICE speed increases when the vehicle speed is increasing, while in the
Autarke hybrid, the CVT which is placed in between the wheels and the ICE, can be geared
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continuously when the speed is increasing an thus the ICE speed can be kept constant. Thus
the CVT in the drive is controlling the ICE speed and the electric motor its torque. In electric
mode the clutch is disengaged so that the electric motor can propel the vehicle. The ICE can
be started by the electric motor and the wheels can be disconnected by a clutch in the i2-CVT.
The i2-CVT used in the drive, is described in [63].

The series and the parallel hybrid drives have advantages and draw-backs, therefore there are
several drives which try to combine the series and the parallel power flows into one system in
order to get the best properties of the drives and hopefully eliminate the draw-backs. A
planetary gearbox is often used in these hybrid systems to combine the torque of the ICE and
the electric machines. A comment to the reader; when investigating systems with a numerous
number of rotating shafts, find the fix torque point and do not focus on speed, power or
anything else other than torque, otherwise some systems could be difficult to understand.

The Universal Hybrid System, UHS, is based on a planetary gearbox for the distribution of
the torques of the ICE and the electric machines [21]. The ICE in the UHS system, Figure 2.4,
can operate in a fix point at a constant torque and rotational speed.

Battery

Inverter

=

~
1

Electric
motor

=

~

2

ICE

C4 C1

C2

C3
Differential gear

transaxel
connected to
the wheels

Inverter

fix gears

fix gear

Planetary
gearbox

Figure 2.4: Universal Hybrid System, where the wheels are connected to the differential gear.

This is possible since there are two electric motors connected to the planetary gearbox, one is
controlling the torque and the other the speed of the ICE shaft. However the system has four
clutches, C1-C4, which makes it complex. Operation in electric mode with gear one and
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electric machine 1, is achieved when C1 and C2 are engaged, while operation with gear two
and both electric machines is achieved when C1 and C3 are engaged. Operation as a parallel
hybrid drive is achieved with C1 and C4 engaged and correspondingly operation as a series
hybrid is achieved when C3 and C4 are engaged. A direct connection of the ICE to the wheels
is possible either when C1, C2 and C4 or C1, C3 and C4 are engaged. The electric machine 1
can add torque in the first case and both machines can do the same in the latter case.

The dual system is a hybrid drive based on a planetary gearbox, an ICE, two inverters and two
electric motors [22]. The dual-system, Figure 2.5, is a split-type hybrid which combines the
functions of the series and the parallel hybrid drives.

Generator

Brake ICE

One-way
clutch

Planetary
gear

Reduction gear

Differential
gear

Wheels

Traction
motor

Connected to the
ring gear

Connected to
the sun gear

Connected to the
planetary carrier gear

Figure 2.5: The dual-hybrid system

The dual system has two electric motors which enables the ICE to operate at a fix torque and
speed by the use of a planetary gear. The generator controls the ICE speed and the traction
motor its torque. The ICE is connected to the planetary carrier, the generator to the sun gear
and the output torque from the ICE and the generator is acting on the ring gear. The ring gear
is connected to a reduction gear which is also connected to the traction motor shaft. Figure 2.6
shows in principle how a planetary gear is constructed, where all parts can rotate. The small
wheels, pinion gears, in between the sun and the ring gear rotates with the speed difference
between the two gears, times the gear ratio between them.

Planetary gears are otherwise normally used in gearboxes where the shafts are locked or
released. In these hybrid vehicles an electric motor is connected to control the torque and
another to control the speed of the shafts, which are mechanically connected to the ring and
the sun gears. However, there must be a torque balance in between each shaft. In order to
transmit torque from the combustion engine (planetary carrier) to the wheels (ring gear) the
ICE torque must be counteracted in the sun gear by [23]



Chapter 2 Hybrid systems and their components

8

+
=

1
(2.1)

where Rplanetary is number of sun gear teeth / number of ring gear teeth. Therefore, when the
ICE is operated, the generator can be used to transmit power into the batteries, which
corresponds to a series path. Or the generator can be locked, in which case power will not
flow via the generator, but only from the ICE via the ring gear to the wheels, which
corresponds to a parallel path.

The ICE in the dual system is started by the generator, but at the same time this starting torque
produce a negative torque at the wheels. Therefore the traction motor must compensate for
this negative torque during the start of the ICE. Similarly, in pure electric mode, when the
generator is used to propel the vehicle, together with the traction motor, the ICE is subjected
to a negative torque. The dual-hybrid system has therefore an one-way-clutch mounted on the
ICE output shaft, where the reaction force of the generator is counteracted. If this clutch was
not there, the ICE would be driven backwards as the inertia of the ICE is less than the inertia
of the vehicle.

The generator is also equipped with a brake in order to stop the power flow into the series
path, as previously described. In normal operation with a power flow in the series and parallel
paths, the generator brakes the ICE as can be derived by inspecting (2.1) and delivers power
into the DC-link, and then to the traction motor, and some power is also delivered directly in
the parallel path. The generator can in this mode adjust the speed of the sun gear in order to
have an optimum rotational speed of the ICE, while the traction motor controls the torque. In
the parallel path, however, the ICE follows the speed variation of the wheels just as in a
conventional parallel hybrid drive.

The demand of the large torque at low speeds is the main reason for the use of a one-way-
clutch. The desire to have the mechanical coupling between the ICE and the wheels to limit
the energy losses in the drive, requires the use of a generator brake. However, the ICE can
only be operated with a constant torque and speed when both the generator and the traction
motor are in operation.

The Toyota Prius hybrid drive [23] is basically the same as the Dual-system, but the demands
of the drive are reduced, thereby can the brake and the one-way clutch be eliminated. The
Toyota Prius consist of the ICE, the planetary gear, the generator, a traction motor and one
inverter for each electric machine, see Figure 2.6. The drive has no clutch nor shaft brakes.
The amount of batteries is small and they are not charged from the electric grid just as in the
case of the Autarke hybrid.
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Planetary gear

Generator

Motor

Reduction gear

Connection to the
wheels

Sun gear
(generator)

stator
"rotor" stator

rotor

ICE
output shaft

Pinion gear
Planetary

carrier
(ICE) Ring gear

(motor/output shaft)

Figure 2.6: The drive system of Toyota Prius

In electric mode only the traction motor is operating while the generator rotor is rotating at
no-load, and the ICE is at standstill. This is because there are no brakes on the ICE shaft, and
the inertia and the losses induced in the generator, require less torque than the rotation of the
ICE shaft. Thus in electric mode, there are iron losses in the generator since it is a PM-
machine, however, the generator is slotless, which reduces the iron losses. There will instead
be some eddy-current losses in the stator winding. In hybrid mode, the generator and the
traction motor are always operating, thus the battery is charged if the traction motor power is
less than that produced by the generator.
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Figure 2.7: The Toyota Prius transmission

The ICE is started by the generator just as in the dual-system. If the inverter, which controls
the generator, is damaged, the ICE cannot operate. The torque transfer from the ICE to the
ring gear requires a balancing generator torque see equation (2.1). Figure 2.7 shows a figure
of the Prius transmission.

The Petro-Electric-Drivetrain, PEDT, is constructed mainly of an electric double rotor
machine, an one-way clutch, an electromagnetic clutch, gears, sliprings and an integrated
flywheel [54], [55]. A principal sketch of the PEDT is shown in Figure 2.8, below. The
combustion engine, ICE, is connected to the stator of the double rotor machine via an
electromagnetic clutch and an one-way clutch as well as a speed increasing gear. In electric
mode, the one-way clutch locks the stator and the magnetic coupling disconnects the ICE. The
rotor is then rotating and power is fed from the battery via the sliprings into a three-phase
winding of the stator. The double rotor machine is operating as a conventional machine.
During regenerative braking, the flywheel is accelerated and it is claimed that it is possible in
this way to brake the vehicle.

In hybrid mode, the magnetic coupling is engaged and the rotor is driven by the ICE. During
acceleration, the stored kinetic energy in the flywheel is used to accelerate the vehicle.
Consequently the flywheel is braked together with the ICE. With regenerative braking in
hybrid mode, the flywheel is accelerated together with the ICE, unless it is not disconnected
by the electromagnetic clutch. In steady-state operation, the ICE and the electromagnetic
torque must be the same, but the rotor speed can be higher or lower than the stator speed i.e.
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the ICE speed can be controlled to be constant, by varying the rotor speed in relation to the
stator speed.
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~
=

Flywheel

Electrocmagnetic
clutch

One-way clutch
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and

brushes

Inverter

Gears

Differential
gear

ICE output
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Figure 2.8: The PEDT, a hybrid electric drive

The PEDT drive can only operate its ICE with a constant rotational speed, the torque has to
follow the wheel torque. The ICE could be operated more on an on-off mode, only used to
accelerate the flywheel, after an acceleration. But that requires a separate starter motor for the
ICE, otherwise the vehicle will retard (the torque acting on the rotor changes its direction). If
the ICE should be unaffected by the transient torque, which an acceleration requires, the ICE
must be switched off. In this case the speed of the stator must be quickly brought to standstill,
the complete acceleration and the average wheel power must be taken from the battery, which
will require a large inverter and electric machine.

The flywheel must be extremely large and/or must be operated at very high speeds, if the
flywheel should be solely responsible for braking the vehicle. Thus, the stator windings will
be required to operate at high rotational speeds, which is likely to give rise to mechanical
problems. The stator core is probably made of laminated iron, which is not so rigid and must
therefore be reinforced. The sliprings are connected to the stator which operates at high
speeds, since the ICE speed is increased via a speed increasing gear. This could lead to
conducting problems between brushes and sliprings.

Hybrid vehicles do not only utilise electric storage of the surplus energy, there are other
solutions, like a hydraulic energy storage. The Cumulo system, Figure 2.9 below, is a
hydraulic system which was tested for bus applications in Europe in the late 1980ies. It was
reported that the Cumulo system reduced the fuel consumption on average by 22 percent.
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Figure 2.9: Cumulo Generation 1, a hydraulic hybrid for bus applications.

Description of the numbers and letters used in Figure 2.9 are given in Table 2.1.

1.  Throttle signal A.  Hydraulic machine

2.  Brake signal B.  Chain gear

3.  Diesel control C.  Pressure accumulator

4.  Gear positioning D.  Fluid tank

5.  Hydraulic machine control E.  Electronic control unit

6.  Shut-off valve control

Table 2.1: Components in the Cumulo Generation 1 drive

The principle of operation of a hydraulic hybrid is the same as for a conventional hybrid i.e.
the excessive power is transferred to an energy storage. When the ICE is operating and the
power is too high, the ICE propels the vehicle and the hydraulic pump. The pump increases
the pressure in the accumulator tank and compresses the liquid e.g. oil which stores the
energy. When the energy stored in the compressed oil is released, it can be used to propel the
hydraulic pump and the vehicle. The oil is thereafter transferred back to the fluid tank. The
problem with a hydraulic energy storage is the poor energy density of compressed oil. It is too
low to propel the vehicle longer distances, but the power density is higher. This is probably
why these drives have also been used for refuse collection vehicles, which have many starts
and stops.

The main components in hybrid electric drives are combustion engine, energy source such as
batteries, gearbox, electric machines and inverters. This section will briefly present the three
former components, where the focus is mainly on the gearbox and the combustion engine.
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Gearboxes can be split up in two classes

• those with fix gears and

• gearboxes with variators.

Gearboxes with fixed gears have fix variable gear-ratio and a form conditioned function
(shape of the gears). These gearboxes, manual or automatic, consists normally of cog wheels
with a different number of cogs, which can be connected to each other. The manual gearbox
have generally five gears for forward drive and one for backward drive. The cog wheels are
arranged to be connected to each other and a synchronising unit selects the desired cog wheels
to transfer the power from the combustion engine. The automatic gearbox consists mainly of a
hydraulic torque converter, mechanical planetary gears (see Figure 2.6, section 2.3.2), and a
hydraulic control system for the control of the planetary gears. The function of the torque
converter is to give a large starting torque and produce a smooth change between the discrete
gears. The torque converter gives excessive losses and is therefore often locked-up at steady
state operation above approximately 40 km/h (2nd or 3rd gear). A manual gearbox is smaller,
costs less and has higher efficiency than an automatic gearbox.

Variators have a continuously variable gear-ratio and rely on friction to transfer the power
from the combustion engine, thus they have a force conditioned function. These gearboxes are
named Continuously Variable Transmissions or CVT. There are different possibilities to
achieve a continuously variable speed control i.e. electric with electric machines,
hydrodynamic with torque converters, hydrostatic with a variable displacement and
mechanically, which are those considered in the thesis. The mechanical possibilities to
achieve a continuously variable transmission are mainly to use

• flexible intermediate section i.e. belt or chain and

• friction gears with or without intermediate section.

A continuously variable transmission has a continuously variable speed ratio and allows an
engine connected to its input shaft to operate optimally under all driving conditions, provided
that the speed ratio range of the CVT is sufficient. The CVT can thus control the internal
combustion engine speed to be optimum, with regard to efficiency. As a comparison, the
gearboxes with fixed gear steps can only allow fix speed steps of the combustion engine, at all
other operating points, the engine torque and rotational speed must follow the load at the
wheels.

Belt driven CVTs, use discs and belts to achieve a continuously variable transmission, see
Figure 2.10. The belt could be V-shaped or flat, where the former is the more widely used.
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2 CVT

Figure 2.10: Principle of a belt driven CVT. To the left a solid disc and one divided. To the
right two divided discs.

The variable gear ratio is achieved by varying the distance between the two discs which is
achieved by compressing or pulling them apart. Hence by compressing the upper discs, to the
right in Figure 2.10, and pulling the lower apart, the belt will operate at different radius at the
upper and lower discs and a variable gear ratio is achieved. Thus by compressing more or less
on the upper or lower discs, a continuously variable transmission is achieved. The
combination of a solid and one divided disc, as shown to the left in Figure 2.10, is also
possible. Then the difference of the shaft position is changed on the lower solid disc, in
relation to the upper one, while the upper discs are compressed or pulled apart. The
approximate gear ratio, R, at a constant length of the belt is [26]:
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and

tan2
= . (2.3)

where r0 is the radius of the discs when the gear ratio R=1, w is the width of the belt, CVT is
half of the slot angle, see Figure 2.10, and r is the variation of the radius caused by a
compression or when the discs are pulled apart.

The control of the compression of the discs are often performed with hydraulic cylinders. The
axial force in a variator should be adopted to achieve maximum efficiency. In a belt driven
CVT, the best variator efficiency is achieved when it operates at 80 percent of the maximum
slip torque [26], where the slip torque is varied by the compression of the discs. However, in
real applications the belt variator design should have a load of 60-70 percent of the slip
torque, due to the uncertainty of the friction between the belt and the discs, ( 0.35 for rubber
belts). The highest power density (kW/m3), is reached with belts of steel or steel reinforced
polymers or metal chains.

Ball variators or variators with rolling surfaces, are based on the technology that two or more
rolling elements are pressed against each other, where the torque is transmitted by the friction
between the surfaces. The shape of the rolling surfaces can be conical, spherical, rings or
toroidal. The continuously variable transmission is achieved by a change of the position of the
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axis of rotation of the input and output shafts. A continuously variable transmission can also
be achieved by a change of the position of the axis of rotation in an intermediate element.
There are a numerous number of rolling variators, where the most common are based on
number 2 and 4 in Figure 2.11, which will therefore be further described.
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Figure 2.11: Construction principles for rolling variators

Variator 2 in Figure 2.11 has an intermediate element with a controlled direction of the axis
of rotation. The input and output rolling radius are constant. With a rolling radius of rr1 and rr2

respectively to the contact surface of the intermediate element the gear ratio becomes [26]
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where r2/r1 is constant and built into the variator.

Variator 4 in Figure 2.11 has a free intermediate element. The sphere is not mounted in
bearings, its movement is decided by the equilibrium of the ball and its movement at the
contact points. The axis of rotation of the ball, is generally not in the same plane, as the input
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and output shafts. The gear ratio is changed by an axial movement of the stationary (not
rotating) ring, with the conical surface on the inside, and the body of the input shaft with the
splines. If neglecting the slip, the variator can be considered as two four wheels planetary
gears i.e. first planetary gear is r11, rr11, r2, rr2 and second is r3, rr3, r12, rr12. The gear ratio can
be calculated as [26]

=
1

1
(2.5)
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To achieve friction forces in the rolling contact points, the axial forces must be along the input
and the output shafts. The axial forces are applied by hydraulic cylinders, normally a ramp
signal is used to control the pressure on the input and output shafts. To have maximum
efficiency of the rolling variator, only 80 percent of the maximum friction force should be
used for transmitting the power [25]. Since the contact points are rolling and slipping, these
variators must be greased with synthetic lubricants of high friction with =0.08-0.1. Other
types of rolling variators are described in [26].

A transmission system can be created by connecting together different transmissions and
transmission elements, which are mounted into a gearbox. The gearbox will then have the
characteristics of the components and the method by which they are connected to each other.
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Figure 2.12: A split-power CVT

Figure 2.12 describes a split-power CVT transmission system, where the figure to the left
shows the principal layout of the system. The figure to the right shows a detailed description
of the system. The planetary gear has three shafts which are connected to a variator with two
shafts; two shafts in the planetary gear are connected together by a variator shaft, while the
third shaft of the planetary gear is used as output shaft of the gearbox. The first shaft of the
variator is used as an input shaft of the gearbox. The complete gearbox will thus have a
continuously variable gear ratio of
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maxmin = . (2.8)

The idea of connecting variators and planetary gears together is to construct a CVT with high
efficiency. In the power split concept shown in Figure 2.12, the input power is separated in
two paths; one directly to the planetary gear and the other to the variator. In the planetary gear
both power paths are combined to the output shaft of the CVT. Thus only a part of the input
power will pass through the variator. Thereby, a higher efficiency of the CVT is achieved,
compared to a CVT where all input power passes through the variator. This is because the
efficiency of variators are generally lower than that of gears. However, there is a major draw-
back with these split-power CVTs; the continuously variable gear ratio span is reduced. The
gear ratio span is defined as [26]

min

max= (2.9)

and this span is always lower than the gear ratio span of the variator, if some part of input
power is not transferred through the variator. This disadvantage can be eliminated if the
variator is connected to two planetary gears, as shown in Figure 2.13.
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Figure 2.13: A variator connected with either of two planetary gears.

The variator is connected to two planetary gears and they can be connected to the output shaft
with clutches 1 and 2 in Figure 2.13. Normally one clutch is disengaged and the other
engaged. The planetary gear ratios are chosen so the total gear ratio, with their clutches
engaged/disengaged, is according to the diagram to the right in Figure 2.13. Compared to the
system in Figure 2.12, a system with two planetary gears can achieve a continuously variable
gear ratio within a larger span. At one end-point of the gear ratio of the variator, both
planetary gears give the same total gear ratio, i.e. point 3 in Figure 2.13. At point 3 the
engaged clutch can be disengaged and the other engaged, the shift of the planetary gear is thus
performed smoothly.

There are hybrid vehicles which uses this type of CVT; an i2-CVT, Hybrid III [18] which is a
parallel hybrid and the Autarke hybrid see section 2.2.1, their i2-CVT is described in [63].
There are also CVTs which have a point where the gear ratio is zero, which therefore have an
infinitely variable transmission or IVT or ICVT, as a toroidal CVT named Torotrak [64]-[66].
Thus the transmission of a car with an IVT, does not need a clutch to disconnect the ICE shaft
from the wheels. More on IVT, split-power CVT, their modelling and efficiency are given in
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[28] and facts on commercial available IVTs in [29] and overview of todays CVTs [30] and
[31].

The efficiency and performance of commercially or soon available CVTs have been
investigated in [9]. The efficiency of a CVT is dependent on torque and rotational speed at the
input shaft, as well as the gear ratio. In order to have a high efficiency of the CVT the torque
should be high and the speed low at the input shaft of the CVT. The control of the hydraulic
pumps still require improvement as they produce too high forces on the discs and the belts,
which worsen the efficiency. The problem is significant at high gear ratios (over drive at
highways) where the CVT car has inferior fuel efficiency, compared to the car with an
automatic gearbox. However the efficiency is claimed to be comparable when an optimum
pressure is applied to the discs. The efficiency varies with gear ratio, but is maximum 95
percent at high torque and low rotational speeds for the best CVTs. At partial loads, low
torque and moderate speed, the efficiency of a CVT is around 75-90 percent. At low torque
and high speed, the efficiency is very poor. Figure 2.14 shows the efficiency of a CVT for two
different gear ratios (i=1.0 and 0.46) [57].

Figure 2.14: Efficiency of a belt driven CVT named Ecotronic from ZF.

In [57] fuel consumption tests were conducted in a test bench in various drive cycles and on
real roads. The result was that a car with a CVT had always slight higher fuel consumption,
compared to a car with a 5 speed manual gearbox. However, a car with a 4 speed automatic
gearbox had always lower fuel efficiency, than the car with the CVT. On real road driving, the
car with the automatic gearbox had 12.2% higher fuel consumption on highways and 9.5%
higher in city areas, compared to the car with the CVT. The car with the manual gearbox had
1.6% lower fuel consumption on highways, than the car with the CVT. The acceleration
performance of a car with CVT is better, than that of a car with a 4 speed automatic gearbox.
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Furthermore the noise level is lower, as the combustion engine in the car with the CVT, can
operate at a lower rotational speeds.

In [27] a mathematical study is conducted on which CVT technology that gives the best
efficiency. The conclusions were;

• CVTs with a variator based on belts, have the best efficiency.

• CVTs with a variator based on rolling elements, have lower efficiency when the input
speed is higher than the output speed, compared PIV-chain (metal) or rubber belts
variators. (PIV-chain is the name of a special type of metal chain and PIV is a company
name).

• CVTs with PIV-chain have in average the lowest efficiency at low torque.

• Almost all CVT concepts have lower efficiency than an automatic gearbox at a gear ratio
of R=1 and below 30 percent of maximum torque. The reason for this is the torque
converter, which in the automatic gearbox can be mechanically locked. The automatic
gearbox had then 90% in efficiency.

Size and weight of CVTs are in the same range as 4 speed automatic gearboxes, they are
slightly larger and heavier, and they are still more expensive. However, in the last two years
more interest has been shown for CVTs for both conventional cars and even for smaller
trucks, which should make the CVT more cost competitive compared with the automatic
gearbox.

The conclusions are that the CVT must be operated with a high torque and low rotational
speed at its input shaft, in order to achieve a high efficiency. There are several CVT
technologies, where the belt driven CVTs have the best efficiency. The hydraulic control i.e.
the pressure on the discs and belts, must be optimised, otherwise the efficiency of the CVT
will drop at partial loads. The hydraulic cylinders have been replaced by electric motors in
some CVTs, which increases the efficiency of the CVT.

This section gives an overview of emissions and combustion engines. Combustion engines
which are possible to use in hybrid vehicles are generally;

• Otto engines (the most used engine in cars)

• Diesel engines

• Sterling engines

• Gas turbines

The Otto and Diesel engines are internal combustion engines, ICE, while the sterling engine
and the gas turbine are external combustion engines. In internal combustion engines, the
combustion takes place inside the engine where the torque is produced, however, for external
combustion engines the combustion takes place outside the compartment where the torque is
produced. In the thesis only internal combustion engines are considered. The ICEs can mainly
be split up in
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• two stroke engines

• four stroke engines

• spark ignition engines (Otto engines) and

• compression ignition engines (Diesel engines).

The difference between two and four stroke engines are the number of working cycles. The
cycles described below, are applicable to both spark ignition and compression engines. The
four stroke cycle is;

1. An intake stroke. Fresh mixture is drawn into the cylinder.

2. A compression stroke. The mixture in the cylinder is compressed. Towards the end of the
compression stroke the combustion is initiated and the cylinder pressure rises rapidly.

3. A power stroke or expansion stroke. The gases from the combustion push the piston down
and force the crank to rotate. About five times as much work is done on the piston during
the power stroke, compared to what the piston has to do during compression [56].

4. An exhaust stroke. The remaining burned gases from the combustion leaves the cylinder.

The four stroke cycle requires, for each engine cylinder, two crank shaft revolutions for each
power stroke. The two stroke cycle requires only one crankshaft revolution for each power
stroke, which means that the power output from an engine based on the two-stroke cycle is
higher than that of a four stroke-cycle. The two-stroke cycle is;

1. A compression stroke. The contents in the cylinder is compressed and fresh charged
mixture is drawn into the cylinder.

2. A power stroke or expansion stroke. The same as in the four-stroke cycle, but most of the
burnt gases leaves the cylinder at the end and fresh charge is drawn into the cylinder at the
very end of the cycle.

The problem with two stroke engines, is that fresh fuel and air mixture is flowing into the
cylinder during the same process as the burnt gases are leaving the cylinder. Consequently
some burnt gases remain inside the cylinder and some fresh mixture is let out. This has been
the main disadvantage with two strokes engines [56]. Thus emissions and fuel efficiency are
inferior for these engines. Two strokes engines are often used in motorcycles, marine
applications and off-road vehicles. However, there is a development of the two-stroke engine
for road vehicle applications, where the fuel injection takes place after closing the port. These
engines have been tested in vehicle fleet tests [33].

The output power of a combustion engine can be calculated as [34]

60
= (2.10)

where

pi is the indicated mean pressure [N/m2],

Vs is the stroke volume or piston displacement [m3],

z the number of cylinders,
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n the rotational speed of the shaft in [rpm],

 is the stroke factor. =1 for two-stroke engines and =2 for four-stroke engines and

m is the mechanical efficiency.

The indicated mean pressure in the ICE is without losses and can be calculated from a
pressure-volume diagram. The mean torque of the ICE during one cycle can then be
calculated as

120
== (2.11)

where

= (2.12)

pe is the effective mean pressure in the cylinder during one cycle, consequently m is the
efficiency of the work from the combustion in the cylinder, given by pi, to the output shaft of
the ICE.

The torque of an ICE is increased with the cylinder volume and numbers of cylinders, but the
torque of a two stroke engine with the same cylinder volume and number of cylinders is
higher than that of a four-stroke ICE (2.11). It is claimed that a two stroke engine can have at
least 30 percent less weight and volume compared to a similar four stroke engine [32].

The theoretical efficiency of a piston engine is [34]

( ) ( )11

11
1
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= (2.13)

where ICE is the level of pressure increase, ICE is the load coefficient,  is the compression
ratio and  is the adiabatic exponent. The adiabatic exponent is

= (2.14)

where cp is the specific heat of the gas at constant pressure, and cv the specific heat of the gas
at constant volume. (An adiabatic process is when no heat exchange takes place with the
surrounding). In general, the theoretical efficiency of an Otto engine is given by [34]
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1= (2.15)

and for a Diesel engine
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As can be seen from equation (2.15) and (2.16), with a constant , the theoretical efficiency of
both engines is increased with an increase of the compression ratio, . The main contribution
to the higher efficiency of diesel engines is from their higher compression, compared to the
gasoline engines. However, just by increasing the compression ratio does not necessarily lead
to a high efficiency, as the friction losses also increases with the compression. Furthermore, 
is higher in diesel engines which improves the efficiency of the diesel engine, for a given
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expansion rate [56]. An increase of ICE means more heat is supplied to the combustion
process at a constant pressure i.e. more fuel is added, which increases the work done. Higher
temperatures also increases the efficiency, but the heat losses increase etc.. There are many
parameters in the combustion process which affect the efficiency of an engine, as described in
[34] and [56].

The mechanical efficiency, m, is defined as

=== 1 (2.17)

where pf is the mean pressure required to overcome the mechanical friction losses in the
engine. Consequently the mechanical efficiency of an ICE is increased, if the indicated mean
pressure is increased. This is achieved by increasing load which implies a higher torque. The
efficiency of the ICE engines are thus higher at high torque and not too high rotational speeds
(friction losses increases and fuel/air mixture has inferior properties at high speeds). The
torque and speed characteristic of an ICE is shown in Figure 2.15, below.
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Figure 2.15: Example of an torque and speed characteristic of an ICE.
Fuel consumption in g/kWh.

As can be seen, the fuel consumption is reduced with higher torque and has a minimum
around 3000 rpm and 90 Nm. The efficiency is thus more torque than speed dependent. The
efficiency of Otto engines, for cars, is approximately up to 0.33 and diesel engines up to 0.45.
These values vary significantly and are continuously being improved, however, a diesel
engine has higher efficiency than an Otto engine (gasoline) and normally a wider area with
higher efficiency than the gasoline engine.

The emissions of an ICE is much more complicated to predict than its efficiency. Some
important factors which affect the emissions are; temperature, when the ignition takes place
and when the fuel is injected, speed of the engine and the amount of air, temperature of the
catalyst, speed of the turbo if it exist and if the ICE operation is transient or not.

In order to have a more complete combustion of the air/fuel mixture, the engine is supplied
with an excess of air i.e. more than theoretically required to achieve a complete combustion.
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A complete combustion of one litre of gasoline requires 15.1 kg of air or 11.57 m3. The ratio
between the amount of air to the amount of fuel is the relative air/fuel ratio, , [56]

=

where A and F is the amount of air and fuel respectively. (A/F)s is the stoichiometric fuel to
air mixture i.e. the amount of air to fuel which in theory is enough to achieve a complete
combustion. Thus, if =1 the actual air/fuel mixture corresponds to the theoretical optimal
value, whereas if <1 the combustion will be incomplete and generally result in more
emissions. >1 implies an excess of air, lean-burn, which improves the combustion. Most
engines are operated in steady-state with lean-burn and the diesel engines are always
operating with >1, due to the diesel process.

Catalytic converters are used for gasoline engines to reduce the NOx, CO and HC-emissions.
Generally catalytic converters do not operate with too high  values, which means that
catalytic converters cannot reduce NOx from diesel engines. There are methods, however, for
reducing NOx from diesel engines like NOx-traps, active DENOx, urea-based selective
catalytic reduction and non-thermal plasma [35]. Another method used in both engine types to
reduce NOx is based on exhaust gas recirculation, EGR.

The difference in emissions from the gasoline and the diesel engine are the carbon and CO
emissions. The gasoline engine has CO-emissions as <1 i.e. the combustion process is not
complete. A complete combustion produces CO2 emissions. In principle the CO emissions
occur during transient engine operation (over fuelling) and during start up of a cold gasoline
engine. The diesel engine always operates at >1. The carbon emissions, soot or black smoke,
from diesel engines take place because of insufficient supply of air, or when the fuel is
separated into carbon and hydrogen without a combustion. Generally, the latter occurs at high
temperatures and cold fuel, while the former occurs during transients, cold starts and at full
load or overload operation.

A general overview of combustion engines, emissions and combustion engines in hybrid
vehicles is given in [9] and the fundamentals of combustion engines in [56].

Conclusion on the combustion engines are that the ICE should operate at a high torque
(efficiency). Transient operation and cold starts of the ICE should be avoided (emissions).
Furthermore transient operation results in inferior efficiency due to the over fuelling. The
four-stroke engines for car applications are the most widely tested and fulfil emission
legislations, while the two-stroke engine has been further developed during the last decade
with reduced emissions [33], [38]. But there are still concerns of durability (cooling problems
of the piston) and emissions [37]. The gasoline engine has three important advantages over
the diesel engine; lower NOx emissions, strategically less expensive and lower weight. The
gasoline engines main disadvantage; it has higher CO2 emissions [36]. Thus, the choice of
whether to use the more fuel efficient diesel or the gasoline engine, which produce less toxic
emissions, is not easy to make. It is likely to be determined by legislations and the possibility
to fulfil them. The root cause of health concerns over diesel emissions is the inhalation of
very small carbon particles, containing toxic hydrocarbons, deep into the lungs [35].
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The energy storage, besides the fuel tank, of hybrid electric vehicles are

• electromechanical - flywheel

• electrostatic - supercapacitors,

• electrochemical - battery and

• fuel cells is mainly an energy source but also an energy storage when including its fuel
tank.

A flywheel has a high power density, often in the range of 650-850 W/kg, but its energy
density is poor 5-8 Wh/kg. However, the system efficiency of a flywheel hybrid is claimed to
be higher than that of a battery hybrid, especially at high power demands [124].
Electromechanical flywheels for vehicle application have been presented in [39]-[40] and
comparisons of flywheel technology in [41].

Supercapacitors are interesting alternatives to batteries, since their efficiency is higher than
that of batteries and the power capability is high 800-1000 W/kg. The technology is still
young and the energy density is low, 2-3 Wh/kg, thus supercapacitors are still not sufficiently
developed to solely propel the vehicle, specially during longer accelerations [42]-[43].
However, supercapacitors have been implemented in an Integrated-Starter-Generator hybrid
vehicle [44], where it is used for shorter periods of time.

Batteries have been developed during the last decay, but are still bulky, expensive and have
too low energy storage and power capability, in order to achieve a competitive electric vehicle
when compared to the ICE-vehicle.

The battery voltage varies with load, i.e. reduced during discharge and raises during charging.
The battery voltage and performance are also dependent on temperature. The efficiency of
more advanced batteries e.g. NiMH and Li-Ion, is in the range of 0.9 i.e. a consecutive charge
and discharge has an efficiency of 0.81. However the efficiency is dependent on SOC and
current, therefore the efficiency can be higher for low current values. Table 2.2 present
parameters of various battery types [43], [45], together with the United States Advanced
Battery Consortium, USABC, long-term criteria which was stated in 1992 and ends in the
year 2002.

Battery type Specific energy
[Wh/kg]

Specific power
[W/kg]

Lead-acid 33 130

Nickel-Cadmium 57 200

Nickel-Metal hydride 70 250

Lithium-Ion 100 300

Lithium-Polymer 155 315

USABC long-term

criteria
200 400

Table 2.2: Typical battery characteristics
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There are batteries with higher specific power, but they have often lower specific energy.
Batteries for electric and hybrid electric vehicles are not necessarily the same [46]. The main
energy in a hybrid vehicle is taken from the fuel-tank and the transient power is taken from
the battery, while an electric vehicle has the battery as main energy source. Thus a hybrid
vehicle requires a battery with more power capability, while an electric vehicle requires a
battery with more energy capability.

Fuel-cells rely on chemical reactions at electrodes to convert energy from chemical to
electrical energy, like batteries. However, fuel cells store the reactants outside of the
electrodes, the reactants are instead supplied to the cell as fuel. Fuel cells have been used for a
long time in space applications, but are rather new in the vehicle industry.

The emissions of a fuel-cell are excellent, since the fuel is hydrogen and the process is
chemical and not combustion. The emissions are only water. The fuel cells used in vehicle
applications is PEM fuel cells, proton exchange membrane, which operate at relatively low
temperatures, have high power density and their output power can be varied rather fast. The
PEM-fuel cells have approximately an energy efficiency of 45% [47]. There are also solid
oxide fuel cells which operate at high temperatures up to 980 C and can reach a energy
efficiency of 60 % [47], however, these fuel-cells are intended more for stationary power
plants than vehicle applications.

The fuel options for a fuel-cell driven vehicle are today, pure hydrogen or reformed from
methanol or gasoline. Hydrogen storage in a tank within the vehicle, improves the fuel
efficiency, while reformed from gasoline give the lowest efficiency. However, the fuel
infrastructure is better for the reformed alternatives, where only the methanol could be
produced renewably. The fuel-cell is a promising technology due to its efficiency, emissions
and fuel, but the fuel-cell is still not cost-competitive when compared to an ICE.
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"The goal of hybrid drive development is to combine drive components such that the
advantages of each component are utilised under varying operating conditions in such a
manner that the overall advantages of the hybrid drive developments outweigh the increased
expenditure for its configuration." [48]. In order to reach this goal a numerous number of
different hybrid drives have been developed in the last decades. The main hybrid electric
vehicle drives during these years have been series and parallel drive or some special
combinations of them see Chapter 2. Chapter 3 presents a novel hybrid electric vehicle drive,
the integrated energy transducer drive [1], [3] that is based on a different drive concept than
the conventional series or parallel drives.

The demands on a vehicle are dependent on the application, so they are not the same for
trucks, busses or cars. Demands on a hybrid vehicle are of course different to those on a
conventional vehicle i.e. a vehicle solely driven by a combustion engine. Generally the
demands on a hybrid vehicle are in terms of cruising range and acceleration performance
similar to the ones of a conventional vehicle. However a hybrid vehicle should have a higher
fuel efficiency, it must produce less environmental stress emissions and it should be able to
drive shorter distances without emissions, normally pure electric.

Further demands on a hybrid drive are often

• the internal combustion engine should operate most of its time with constant torque and
constant rotational speed, in order to maximise its efficiency and minimise emissions.

• During hybrid mode in constant power operation the losses in the drive train must be
minimised, as this is a common drive mode on highways.

• The auxiliary equipment in the drive should be minimised or excluded, such as the ICE
starter motor, alternator and flywheel.

• Some built-in safety against failures should be used in the electric drive and

• it must be affordable.

In [48] and [49], details concerning hybrid vehicle classifications are given and [50]-[53]
present demands on hybrid electric vehicles and electric vehicle drives.

The most common hybrid electric drives are the series and parallel drives. These drives fulfil
most of the stated demands, but not all. The series hybrid has an important advantage over the
parallel hybrid: the internal combustion engine can operate at a fix point i.e. at both constant
rotational speed and torque. The disadvantages with the series compared to the parallel hybrid
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are the number of components and their rated power, section 2.1. The parallel hybrid has
fewer components and normally with a lower power rating. Therefore the parallel hybrid
should be less expensive, on the other hand, the series hybrid is likely to have less emissions.
A good solution would be to control the ICE as in a series drive, but with lesser components
which have the power rating of a parallel drive.

A drive which fulfils the demands on a hybrid electric vehicle drive and combines the
advantages of both series and parallel drives is the integrated energy transducer drive [1], [3].
Figure 3.1 below shows the integrated energy transducer drive for hybrid electric vehicles.
The drive consists of an internal combustion engine (1), a battery (2), an integrated energy
transducer (3), a gearbox (4) and an inverter (5).
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Figure 3.1: Integrated energy transducer drive for hybrid electric vehicles

In the integrated energy transducer drive, the ICE can operate at a fix point, just as in the
series drive. The power rating of the electric machine (the integrated energy transducer) and
the inverter is only the battery power, just as in the parallel hybrid. The number of
components are similar to that of a parallel drive. The power losses in highway mode are
small. The ICE does not need a starter motor nor alternator or flywheel. The cruising range
capability is given by the internal combustion engine. Pure electric mode is achieved by using
the battery and the integrated energy transducer. Acceleration performance can be
accomplished by adding power from the internal combustion engine and the battery in the
integrated energy transducer, combined with the proper usage of an advanced gearbox,
namely a Continuously Variable Transmission, CVT.

The idea with the integrated energy transducer drive is to allow the ICE, when operating, to
operate at its most optimal point. At the same time each component should operate at its best
operating point in order to maximise the system efficiency or its performance or minimise its
emissions. The maximum efficiency of the ICE and a minimum of emissions are obtained at a
certain combination of output torque and rotational speed. In general, the efficiency of the
ICE is high if the torque is high, see Figure 3.2.
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Figure 3.2: Optimum Operation Line of an ICE (Fuel consumption in g/kWh)

The emissions are low if the ICE is working at steady state and the rotational speed is not too
high nor too low. The emissions are generally more speed dependent than the motor
efficiency, Figure 3.3. It is thus advantageous to control the torque and the speed of the ICE
independently of the wheel load. The use of a CVT and an integrated energy transducer make
this possible. The integrated energy transducer, IET, allows a free choice of the speed and the
CVT makes it possible to choose the torque arbitrarily. It is therefore almost always possible
to operate the ICE on its Optimal Operation Line, OOL.
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Figure 3.3: NOx-emissions of an gasoline ICE in [g/kWh].

In order to optimise the integrated energy transducer drive efficiency, the ICE will be
operated at high torque and relatively low rotational speed. Similarly the CVT is operated at
high torque and low rotational speeds due to its poor efficiency at low torque and high
rotational speeds at the input shaft. (See section 2.6.1 for the principle of operation of CVT’s).
Therefore the IET must be designed for and operated at high torque. For high speeds of the
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vehicle, the IET does not have to utilise field weakening. The field weakening behaviour of
the drive system is provided by the CVT.

Figure 3.4 shows the complete drive for a hybrid electric vehicle, including the integrated
energy transducer, IET. The shaft of the ICE and the inner rotor rotates at a speed 1 while
the speed of the output shaft is 2.
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Figure 3.4: The integrated energy transducer drive for hybrid electric vehicles.

The integrated energy transducer shown in Figure 3.5 is in principle an electrical machine
having two rotors. The inner rotor, connected to the output shaft of the internal combustion
engine, is equipped with a three phase winding which is connected to a battery through
sliprings and a three phase inverter. The outer rotor has permanent magnets mounted on its
inner surface and is connected to a gearbox through the output shaft. The gearbox is
preferably of a continuously variable transmission type, CVT. On the shaft of the ICE a brake
is mounted as shown in Figure 3.4.
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Figure 3.5: Principle sketch of an integrated energy transducer.

The ratings of the components in the drive are determined according to the following:

• the IET has to be designed for the battery power and the torque of the ICE,
• the inverter is designed for the battery power and
• the power of the ICE can be chosen freely.

The function of the integrated energy transducer is basically to connect the power from the
ICE denoted P1 in Figure 3.4 and the power from the battery, PE, to the output shaft. The
inverter function is to adjust the frequency and the applied voltage, in such a way that the
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electric power is either taken from or delivered to the battery. The CVT is controlled to give
the correct torque at the wheels.

When the ICE operates, it produces a torque T1 on the shaft of the inner rotor which rotates
with the speed 1. The rotational speed of the outer rotor 2 is controlled in relation to the
inner rotor speed by changing the applied voltage and frequency into the three phase winding
of the inner rotor. The outer rotor can then rotate faster than the inner rotor (power is taken
from the battery) or slower in which case the battery is charged. It is easier to understand this
if the inner rotor is assumed to be at standstill, 1=0 rad/s, just as in a conventional machine
where the stator winding is standing still relative to the rotor. The rotor can then rotate
forward in relation to the stator winding i.e. faster and thus the motor delivers positive power
or backwards i.e. slower in which case the motor delivers negative power, assuming that the
positive torque is in the same direction as the forward rotation of the rotor. The relation
between the rotational speed of the outer rotor and the ICE is, assuming that we have a 2 pole
design

= 2 . (3.1)

The IET hence operates as a motor when the outer rotor rotational speed is higher than the
inner rotor speed and as a generator when the speed is lower.

The torque on the outer rotor T2, is controlled by applying a current from the inverter into the
three phase winding of the inner rotor, via sliprings. In steady-state the absolute values of T2

and T1 are the same, but they have different signs. (The torque acting on the inner rotor is -T2,
according to Newton’s third law, if the direction of T2 is defined as positive in the direction of
rotation). If T2 > T1 , the inner rotor is retarded and if T2 < T1 , the inner rotor is
accelerated. Therefore the IET must be designed for the same torque that the ICE can
produce.

When the wheel load is changing i.e. the load torque on the wheels increases or decreases, the
CVT is geared. Hereby Tw is changing in accordance to the required wheel load, while T2 and
the ICE torque T1, are kept constant,

2 = . (3.2)

In summary the use of the CVT and the integrated energy transducer makes it possible to
operate the ICE with a constant torque and a constant rotational speed. The energy transducer
allows a free choice of the speed and the CVT makes it possible to choose the torque
arbitrarily.

3.2.2

The power equations of the IET drive can easily be derived by applying the principle of
operation to Figure 3.4 and Figure 3.5. The torque produced by the integrated energy
transducer is T2. The applied frequency into the three phase winding in the inner rotor, from
the inverter, is the difference between the inner and the outer rotor speed (3.1). This implies
that the power equation for the IET is given by:
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( )122= (3.3)

if the inner rotor is standing still, 1=0 rad/s, the above equation is the same equation as that
of a conventional electric machine.

The power of the inverter is the same as the electric power delivered to the IET

( )122== (3.4)

When the inner rotor rotates faster than the outer rotor, the IET power becomes negative i.e.
power is delivered to the battery and it is charged.

The power delivered to the gearbox is the power on the output shaft of the IET

222 = . (3.5)

The power from the ICE is

11= . (3.6)

The definition of the battery power follows the same convention as the IET power; positive
sign implies that power is taken from the battery (see also Figure 3.4)

{ }
{ } ( ) .state-steadyin  

positive defined is T

12221

112222

====

====
(3.7)

This implies that the inverter and the IET should be designed for the battery power.

The operating modes of the integrated energy transducer drive system are:

electric,
hybrid,
start of the ICE by the IET,
"limp-home" (inverter failure mode) and
reserve power supply.

In electric mode, the ICE is switched off i.e. P1=0 and its output shaft is locked by a brake.
Consequently the inner rotor is at standstill i.e. 1=0. The IET is operated as a normal
permanent magnet motor, the outer rotor rotates with a synchronous speed 2 determined by
the inverter frequency. The torque of the IET is high (rated) to provide an acceptable
efficiency for the CVT. The CVT is geared in such a way that the required torque Tw, is
produced at the wheels. Regenerative braking is performed just as in a conventional
permanent magnet motor drive. This mode requires a brake. An one-way clutch is not
possible to use as this will result in an acceleration of the ICE speed, see the PEDT-drive in
section 2.4. A reverse gear is not needed in the CVT since the IET torque only needs to
change its direction.

In hybrid mode, the ICE is delivering power to the drive and the battery is either delivering
power or is being charged. In this mode the inner rotor is driven by the ICE and thus has the
same speed, 1. The torque of the IET is exactly the same, but in opposite direction, to the
torque produced by the ICE. Otherwise the inner rotor i.e. the ICE, will retard or accelerate.
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This also implies that it is not possible to rotate the outer rotor backwards when the inner rotor
rotates forward in this mode of drive. To be able to do this the ICE torque must change
direction and this is not possible with a conventional ICE. Therefore the torque in the IET is
normally constant during hybrid operation and the power from/to the battery is controlled by
the rotational speed of the outer rotor, 2. (The rotational speed of the IET is controlled by the
inverter and 2 is also forced to follow the gearing of the CVT). If the rotational speed of the
outer rotor is higher than the inner rotor speed, power is taken from the battery. If it is lower,
the battery is charged (3.7).

On highways when the hybrid mode is used most of the time, the ICE is operating at a fixed
point at a high torque. In order to minimise the losses in the drive, from the ICE to the wheels,
the inner and the outer rotor rotational speeds should be equal 1= 2. The airgap flux in the
IET is then a DC-flux and hence the iron losses are close to zero. The only power taken from
the battery is that required to cover the copper losses in the winding and the sliprings of the
IET. The friction losses in the IET are covered by the ICE power. The inverter losses is more
or less unchanged. Normally on highways, the outer rotor should rotate slightly slower in
order to charge the battery.

The start of the ICE is performed by the IET and therefore no starter motor is required. When
starting the ICE the wheels are locked by the brakes and the IET works as a permanent
magnet motor with its outer rotor locked i.e. 2=0. The ICE starts when a torque is applied by
the IET. This torque accelerates the inner rotor and hence starts the ICE. The ICE can also be
started when driving in electric mode by releasing the brake on the ICE output shaft and
applying a starting torque in the IET and at the same time controlling the CVT. For
regenerative braking in hybrid mode, the ICE is normally switched off and the vehicle is
braked by the IET (if necessary combined with the mechanical brakes).

Switching-off the ICE, i.e. hybrid to electric-mode. The torque of the IET is still positive in
order to quickly retard the inner rotor and the brake is also braking the ICE, see Chapter 8.
(The CVT is controlled so as to eliminate torque transients on the wheels.) If the outer rotor
speed is lower than the inner rotor speed, the battery is charged with

( )122= . (3.8)

Similarly the battery is discharged if the rotational speed of the inner rotor is lower than the
outer rotor.

One of the problem with all cars is that when a key component fails it is often impossible to
drive the car. In hybrid and electric cars the inverter is such a key component. One advantage
in a hybrid car with an IET drive is the possibility to have a " " function when an
inverter failure occurs and the ICE is still running. The sliprings can then be short circuited
and the IET is operated as an asynchronous motor. Extra resistance is likely needed to achieve
a high torque (since the winding resistance is small) and to minimise the winding currents. It
is of course not possible to drive long distances due to the risk of over-heating the IET.

If the winding in the inner rotor suffers from a , the brake on the output shaft of
the ICE can be released in electric mode. The inner rotor then starts to rotate and accelerates
until it has the same rotational speed as the outer rotor. This minimise the risk of overheating
the IET, as might occur in normal PM-motors. It also minimises the torque pulsations at the
wheels. The torque pulsations can provide difficulties on slippery roads. The same is valid for
hybrid mode but the inner rotor is then already rotating.
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The hybrid vehicle can also be operated as a , e.g. on the country side
during a longer period of power failure. The wheels are then locked by the brakes and the ICE
is started by the IET. Instead of charging the battery with the ICE power, the power is fed to
an external inverter or converter in a similar manner as when charging the vehicle battery
during the night.

Table 3.1 summarises the different drive modes as a function of the rotational speed of the
two rotors.

Electric 1=0 rad/s, 2 synchronous speed Inner rotor locked
Start of the ICE 2=0 rad/s, 1 synchronous speed Outer rotor locked
Hybrid mode 2> 1 Discharging the battery
Hybrid mode 2< 1 Charging the battery
Hybrid mode 2= 1 DC-flux in the air gap
Limp-home 2=(1-s) 1 Asynchronous motor mode

Table 3.1: Drive modes of the integrated energy transducer drive

There are some special modes of the drive system which normally are not used or do not
occur. One such example is when the vehicle is at standstill in an up-hill slope, in hybrid
mode, such that the battery is being charged by the ICE power. The ICE torque is equal to the
required road load in order to maintain the vehicle at standstill. If the reference command for
the outer rotor is not zero, the vehicle can easily be pushed up-hills by hand. It is like pushing
the vehicle on a flat road.

Another example is when the vehicle is at standstill in an up-hill slope with the mechanical
brakes on and the  and then the brakes are released. The battery will be
charged (3.7) by the kinetic energy of the vehicle when the vehicle is braked with the IET
torque. T2 is positive and 2 negative since the vehicle is rolling backwards.

The same conditions as above, but the   . The vehicle cannot then be retarded
properly by the IET. As the torque is positive and 2 negative, the battery will be charge (3.7)
by some of the kinetic energy of the vehicle. Since the torque in the IET is positive, the ICE
will be retarded by the IET torque 1=0 rad/s. (The ICE has probably stopped at some speed
below 1000 rpm.) At this point the brake can lock the inner rotor, and the vehicle can be
retarded as above. But if this is not done, the retardation of the vehicle will depend on how
much torque the compression of the air in the cylinders of the ICE requires to move the
cylinders. If the torque T2 is larger than the torque compression of air can withstand, the inner
rotor will start to rotate backwards. Thus some of the kinetic energy of the vehicle will be
consumed by the compression work of air and heat in the ICE.

The integrated energy transducer drive for hybrid electric vehicles was first developed from a
double rotor drive system without a CVT [7]. The early IET drive system consisted of an
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internal combustion engine (1), battery (2), IET (3), inverter (5), and a gearbox with fixed
steps (4), Figure 3.6. A similar drive has been presented by Jefferies [54], [55], see section
2.4.
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Figure 3.6: Early double rotor drive for hybrid electric vehicles

This drive cannot have its ICE operating with both constant rotational speed and constant
torque. The ICE can only operate with a constant rotational speed. (Compare it to a parallel
hybrid where the ICE torque can be constant). In this double rotor drive, the ICE torque has to
follow the variations of the wheel load torque, just as an ICE in a conventional vehicle.
Between each gear, the torque variation on the wheels have to be covered by changing the
ICE torque as

2 = . (3.9)

Hence during acceleration there will be transients in the torque of the ICE and IET (as T1=T2),
since Kgear ratio is constant. This is detrimental for fuel efficiency and emissions and is therefore
not acceptable in an efficient hybrid vehicle. Further development of the IET drive was thus
necessary.

Further differences between the early IET drive in Figure 3.6 and the later developed IET
drive of Figure 3.4 can be seen in the design of the drives. The sliprings in Figure 3.6 are
mounted between the IET and the gearbox and the IET, in this case, is an inner rotor machine
i.e. the magnets are mounted in the inner rotor. The three phase winding is mounted on the
outer rotor which is connected to the gearbox and not to the ICE [7].

The integrated energy transducer drive consists of four key components; gearbox, inverter,
internal combustion engine and the integrated energy transducer. The battery is also an
important component in the drive, but it has no significant influence on the drive design. The
battery is more a question of optimisation of the drive with regard to weight, power capacity
and energy storage, in relation to what a consumer is willing to pay. The battery technology is
still improving and therefore a decision to use either e.g. lead-acid or lithium-polymer battery
is not vital for the drive design. The battery voltage is important for the design of the IET but
not the battery technology.
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The requirements of the drive components are based upon the requirements of the vehicle. In
order to choose the rating of the components the demands of the drive must be specified. The
requirements given below are based upon a small/medium sized car. The performance
requirements are accelerations and top speed, which result in a traction-curve for the drive.
The required accelerations and top speed are:

3.0 m/s2 (0-30 km/h)
2.5 m/s2 (30-50 km/h)
2.0 m/s2 (50-80km/h)
1.7 m/s2 (80-100 km/h) and
top speed 160 km/h.

To be able to determine the drive components which fulfil these requirements the vehicle
must be specified in terms of weight, rolling resistance coefficient, drag coefficient, front area
of the vehicle and radius of the wheels. The road load power at the wheels can then be
calculated as [56]

( )20126.073.2 += (3.10)

where Pload is given in watts. CR is the rolling resistance coefficient and mvehicle is the mass of
the vehicle [kg]. The drag coefficient is CD, the frontal area Av [m

2] and Sv is the vehicle speed
in [km/h]. In Table 3.2 parameters for a small to medium sized car are given together with
comments to their values.

CD =0.4 0.3<CD<0.5 for cars   (CD=0.4 for Volvo ECC)
Av  =2.01 m2 Volvo ECC
CR =0.01 0.01<CR<0.015 for cars (CR 0.01 for VW Golf)
rwheel      =0.2865 m
mvehicle =1200 kg
Jw            =98.5 kgm2 Equation (3.15)

Table 3.2: Parameters of a small to medium sized car

Pload describes only the static load on the drive. To be able to calculate the acceleration, a
[m/s2], the vehicle mass must be converted to an equivalent inertia, Jw. The force to accelerate
a vehicle is

= (3.11)

and the torque at the wheels

= (3.12)

where the wheel radius is rwheel [m]. The torque can then be written as

= . (3.13)

Newtons second law of motion is
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====== (3.14)

where a and v are the acceleration and speed of the vehicle respectively. The inertia of the
vehicle can then be calculated by using (3.13) and (3.14)

2= . (3.15)

Figure 3.7 describes the drive of a vehicle. It is convenient for simulations to calculate the
road load expressed in torque and rotational speed.

Gear ratio:
R

=

=
 Drive source Gearbox Road

load

Figure 3.7: Principal parts of a vehicle drive

The required power at the wheels for the top speed can be calculated by (3.10). The required
minimum gear ratio Rmin to reach the top speed, without exceeding the maximum rotational
speed of the drive source is

max,

max,

max,

max,
min

6.3

26.3
22 ===== . (3.16)

Equation (3.16) can also be used to calculate the maximum speed of the vehicle for a certain
gear ratio, assuming that sufficient torque is available. When the gear ratio is chosen, the
required torque of the drive source, operating at its maximum speed, can be determined by:

( )2
max,

minmin

max,
 max, 0126.073.2

6.3
+== . (3.17)

From the road load power equation (3.10) the corresponding road load torque is deduced as:

( )20126.073.26.3 +== (3.18)

where

6.3
= (3.19)

and Tload [Nm] is a function of the vehicle speed Sv [km/h]. To simplify simulations, the road
load torque should be expressed as a function of the rotational speed of the wheels [rad/s]

( )22163296.073.26.3 += . (3.20)

In order to calculate the acceleration of a vehicle, the dynamic equation of the drive must be
solved. The dynamic equation of the drive according to Figure 3.7 is given by
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= . (3.21)

The time taken to accelerate a vehicle, tacc, can be calculated as

=
2

1

1
(3.22)
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= (3.23)

where C=-77.1605. To have the acceleration time as a function of speed [km/h], wheel in
(3.23) is replaced using (3.19).

The exact acceleration performance must be simulated. (3.23) gives the time it takes for an
acceleration having a constant torque at the wheels and a constant gear ratio. The acceleration
is however dependent on the load torque and therefore it varies with speed. The average
acceleration can be estimated by
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(3.24)

where a is in m/s2.

By using these equations a rough drive design can be performed for simulations. A more
precise drive design requires extended simulations.

The IET drive must utilize a transmission i.e. gearbox which enables the possibility of
changing the gear ratio continuously and not in fixed steps. The utilisation of a manual
transmission or an automatic transmission is not possible due to their fix gear steps. Even
though the automatic transmission can transmit torque during gear shifts by its torque
converter, it cannot be used in the drive since the automatic gearbox has only fix gear steps.
The most sensitive components with regard to the efficiency of the drive are the CVT and the
ICE. To make the complete drive efficient these two components must be made to operate at
their most efficient working regions. The efficiency of the CVT is strongly dependent on the
torque and rotational speed on its input shaft [60]. If the input torque is high and rotational
speed is low the efficiency can be more than 90 percent. In contrast if the speed is high and
the torque low, the CVT efficiency could be less than 30 percent [57]. Internal combustion
engines generally have their most efficient operation at high torque and low to medium high
speed 2000-3500 rpm.
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Basic design criteria

In order to specify the drive components, one component must be chosen first, normally the
ICE.

ICE design criteria

The ICE chosen in this analysis has the performance shown in Figure 3.8. This diesel engine
has a maximum torque of 105 Nm and a power of 47 kW at 6000 rpm. An ICE should not
operate at 6000 rpm due to high wear and a low torque which results in poor efficiency.

constant
power

g/kWh

Figure 3.8: Diesel engine characteristic used for the design of the IET drive [183].

Therefore the maximum ICE speed is chosen to 5000 rpm where both its efficiency and
torque (to maintain a high efficiency of the CVT) are high. The selection of the ICE sets the
rated torque demand on the IET. With the selected ICE, this torque should be at least 80 Nm,
which is within the most efficient area of operation of the ICE.

CVT design criteria

After selecting the ICE, the CVT and the IET can be specified. CVT’s are normally designed
for conventional ICE’s which have a maximum speed of 6000 rpm, therefore the maximum
speed of the input shaft of the CVT is set, drive,max. An input speed of 7000 rpm has been
reported in [58], making it theoretically possible to use a higher input speed than 6000 rpm at
the input shaft of the CVT. On the other hand, higher speeds result only in inferior efficiency
and a special CVT design.

The minimum required torque at the wheels at top speed is given by (3.20) and the minimum
gear ratio, Rmin, is given by (3.16). In Figure 3.9 the rotational speed of the drive shaft, ndrive,
and the required torque at the drive shaft, Tdrive, at the top speed of 160 km/h are shown as a
function of gear ratio.
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Figure 3.9:  Speed and torque at the drive shaft as a function of gear ratio at 160 km/h

As can be seen from Figure 3.9, Rmin could be chosen equal to 3.5 in order to have an
acceptable rotational speed and still have a high torque of the ICE, see Figure 3.8.

For accelerations at low speed, the required torque of the IET and the maximum gear ratio,
Rmax, is given by (3.24). At lower speeds, the vehicle is normally driven in electric mode and
the torque on the input shaft of the CVT should not be too high since most standard CVT’s
cannot handle more than 200-310 Nm [58], [59]. The average acceleration (3.24) as a function
of the drive torque, Tdrive, and gear ratio R is shown in Figure 3.10.
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Figure 3.10: Acceleration for Tdrive=80-155 Nm.

From Figure 3.10 it can be seen that a torque of 140 Nm and a maximum gear ratio Rmax=8
are sufficient to fulfil the acceleration requirements of 3.0 m/s2 (0-30 km/h) and 2.5 m/s2 (30-
50km/h).

The CVT gear ratio could be chosen as 3.5-8:1 i.e. a gear ratio spread of 2.3. Most
commercial CVT’s have a spread of 5-6 [57], [59], [61], but the recent developed i2-CVT’s
have a gear spread of 20.54 [62] and 22.4 [63]. There are also Infinitely Variable
Transmissions, ICVT or IVT with a gear ratio of 0:1-1:1. An example is the Torotrak which
has been designed for both cars and trucks up to 17 tonne [64]-[66]. The gear spread could
therefore be larger than 2.3. A reasonable gear spread of 12 was chosen [67]. This enables the
operation of the drive components (IET, ICE and CVT) at higher torque at low speeds, which
improves both the ICE and the CVT efficiencies. This is important since the road load torque
is relatively low at speeds below 70 km/h where most of the driving occurs. Bearing this in
mind, a CVT gear ratio of 2/3:1-8:1 was chosen. The CVT and ICE specifications are now
almost made, except for the power rating of the CVT. The power rating will be determined at
the end of this section, after that the performance of the drive in different modes, have been
carefully examined.

IET torque criteria

The torque requirement of the integrated energy transducer is set by the ICE and the
acceleration requirements. The required peak torque of the IET was 140 Nm and the rated
torque of the IET must be more than 80 Nm. In order to operate the ICE continuously above
its most efficient area, see Figure 3.8, the rated torque of the IET is chosen to 95 Nm. The IET
torque requirements are thus finally chosen to 95 Nm rated and 140 Nm peak.
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Performance of the drive in different modes

Electric mode

The idea with a hybrid drive is to drive emission-free in urban areas and in hybrid mode on
highways. An investigation concerning required electric power in urban-drive cycles for
electric vehicles was performed in [50]. This investigation showed that 20 kW should be
enough for urban drive-cycles. This implies the IET should have a rotational speed
differences between the inner and outer rotor of 2000 rpm which gives the required rated
power of 19.9 kW. The field weakening characteristic of the drive is achieved with the CVT,
the IET is hence not designed for field weakening as this function also deteriorates the CVT
efficiency. The traction curves for the IET drive in electric mode are shown in Figure 3.11.
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Figure 3.11:Traction curves for the IET drive in electric mode.

The IET outer rotor speed is maximum 2000 rpm and has a rated torque of 95 Nm while the
CVT has a gear ratio: 0.67:1-8:1 (Rspan=12). From Figure 3.11 we can see that the base speed
of the drive in electric mode is 27 km/h and a maximum speed in electric mode is 125 km/h.

The acceleration performance of the drive (3.24) in electric mode is shown in Figure 3.12
below.
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Figure 3.12: Acceleration performance of the IET drive in electric mode.

From Figure 3.12 it can be seen that during transient operation the acceleration performance is
in accordance to the requirement, 3.0 m/s2 from 0-30 km/h and acceptable 2.25 m/s2 between
30-50 km/h. The accelerations between 50-80 km/h is 1.63-0.87 m/s2 and 0.87-0.6 m/s2

between 80-100 km/h. These values are lower than the requirement of 2.0 m/s2 and 1.7 m/s2

respectively.

Hybrid mode

Figure 3.13 shows the traction curves for hybrid mode. The ICE characteristic used is the one
shown in Figure 3.8. The rotational speed difference between the inner and the outer rotor is
maximum 2000 rpm. Depending on the optimum operation of the drive, with regard to
efficiency, the ICE is operated between 4000 and 5000 rpm, which means that the IET should
operate between 1000 and 2000 rpm at a torque of 95 Nm. The maximum speed in hybrid
mode depends on the allowed maximum speed at the input shaft of the CVT which is chosen
to 6000 rpm. This gives a maximum speed of 184 km/h which fulfils the requirement of 160
km/h given in section 3.5.1.
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Figure 3.13: Traction curves in hybrid mode for the IET-drive. The base speed in hybrid
mode is 81km/h and the maximum speed is 184 km/h.

Operation in hybrid mode at the maximum available power is shown in the traction curve in
Figure 3.14.
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Figure 3.14: Maximum traction curve in hybrid mode for the IET-drive. Base speed is 81
km/h and maximum speed becomes 191 km/h.
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The ICE starts at 2000 rpm with a torque of 100 Nm while the IET operates as an generator.

At 2200 rpm is the ICE torque increased to 105 Nm, see Figure 3.8, and the speed increases
until 4000 rpm. During this period the IET either operates as generator or transmit power i.e.
inner and outer rotor speeds are equal. After 4000 rpm the IET operates as a motor.

The acceleration performance (3.24) in hybrid mode is better at higher speeds and is shown in
Figure 3.15.
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Figure 3.15: Acceleration performance of the IET drive in hybrid mode.

From Figure 3.15 it can be seen that an ICE which operates at only 80 Nm cannot fulfil the
acceleration requirement of 1.7 m/s2 from 80-100 km/h. For an ICE operating at 95 Nm the
acceleration is sufficient as it has 2.05 m/s2 at 50 km/h, 1.98 m/s2 at 80 km/h and 1.46 m/s2 at
100 km/h. This gives an average acceleration between 80-100 km/ of 1.72 m/s2. To improve
the acceleration, the IET drive can be operated in maximum performance mode and the
accelerations are then 2.31 m/s2 at 50 km/h, 2.21 m/s2 at 80 km/h, 1.65 m/s2 at 100 km/h,
resulting in an average acceleration between 80-100 km/h of 1.93 m/s2.

Power rating of the CVT

The power rating of the CVT can be determined once the ICE and IET parameters are known.
The power the CVT must transfer is either determined by top speed or peak power during
accelerations at low speed or during maximum performance mode in hybrid mode. The wheel
power at required top speed, 160 km/h, is 41.6 kW (3.10) which makes it possible to drive the
vehicle solely by the ICE at top speed, if losses are ignored. At the maximum operating point
of the ICE, Figure 3.14, the peak power is given by
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6.3max,max, = (3.25)

where Tmax,ICE=105 Nm and Sv=81 km/h give a maximum hybrid power of 66 kW. The peak
power at lower speeds is

6.3max,max= (3.26)

and at 27 km/h with Rmax=8 the maximum electric power is 29.3 kW. These give the power
which the CVT must be able to transfer in hybrid mode and electric mode respectively. In
Figure 3.16 the power at the wheels are shown for both electric and hybrid mode together
with the road load power.

 
0 20 40 60 80 100 120 140 160 180 200

0

10

20

30

40

50

60

70

Speed [km/h]

P
ow

er
 [k

W
]

Road load power 

Electric mode     
transient, 140 Nm 

Hybrid mode 95 Nm 
Max performance
hybrid mode    
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Conclusions on the basic design of the transmission

The following conclusive comments can be made with regard to the IET drive components
ratings. In order to fulfil the acceleration demands at low speed, the IET requires a peak
torque of 140 Nm. The rated torque of 95 Nm is required in order to maintain a high
efficiency of the CVT and to enable the operation of the ICE above the area of maximum
efficiency. The CVT requires a maximum gear ratio of 8:1 for accelerations at lower speeds,
but only 3.5:1 to drive the vehicle at its top speed. In order to maintain a high torque and
efficiency in the CVT at lower speeds, the gear ratio spread of the CVT should be larger than
2.3 (8/3.5). It was chosen to 12. The gear ratio of the CVT then becomes 2/3:1-8:1. The power
rating of the CVT is 66 kW (excluding losses), with a maximum input torque of 140 Nm and
maximum rotational speed on the input shaft of 6000 rpm, but these do not occur at the same
time. The maximum torque occurs in electric mode at 2000 rpm, giving 29.3 kW. The
maximum torque at 6000 rpm is 105 Nm, which occurs in hybrid mode, giving 66 kW as peak
power. The selection of CVT technology is not made here, it can be a rubber belt, a chain belt,
a push belt, chains, ICVT, a split power or i2-CVT. With regard to the different technologies,
as mentioned earlier in section 2.6.1, it could be said that the efficiency of the rubber belt
CVT is higher on average, but the power density is higher for the metal belt CVT. ICVT gives
the advantage of an infinite gear ratio, its efficiency is also claimed to be high. The split
power and the i2-CVT have more components and are likely to become slightly heavier and
larger in volume. The CVT technology must therefore be chosen together with a vehicle
manufacturer. The choice will depend on cost, preferred technology and space in the engine
bay. The only requirements on the CVT are that it should fulfil the given specifications with
regard to gear ratio, power, torque and rotational speed. Figure 3.17 shows a step-by-step
procedure for deriving the IET drive component ratings, while Table 3.3 gives the derived
ratings of the IET-drive components.

CVT Gear ratio: 2/3:1 - 8:1
Gear spread: 12
Input torque max: 140 Nm
Input speed max: 6000 rpm

IET Rated torque: 95 Nm
Peak torque: 140 Nm
Rated power: 19.9 kW
Peak power: 29.3 kW

ninner rotor-nouter rotor = 2000 rpm
ICE Peak torque: 105 Nm

Maximum power: 47 kW @ 6000 rpm
Inverter Peak power IET: 29.3 kW

Table 3.3: Parameters of the IET-drive components



Chapter 3 Integrated energy transducer hybrid

48

Select ICE
set

TICE and nICE

TIET, rated=TICE, continuously

Define
requirements

on the vehicle.
Acceleration
Top speed

Specify vehicle
weigth and
coefficients

see Table 3.2

Calculate Jwheel (3.15)

Calculate Rmin at
maximum speed.
(3.16) and (3.19)

Calculate Rmax to fulfil
acceleration demands

at low speeds
(3.24)

Transient torque
on the IET is set

Make traction curves
and investigate if

acceleration
performance and

top speed are
reached

Select gear ratio and
spread of the CVT.

Select rated rotational
speed of the IET
i.e. rated power

Acceleration
demand not
fulfilled at
low speed.

Increase transient
IET torque or Rmax

To low acceleration
in hybrid mode

Increase ICE
torque or
increase
rotational

speed of the
IET

Design IET and
performance simulations

The ICE torque
must be large

enough.

Figure 3.17: Schematic design procedure of the IET-drive components.
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The integrated energy transducer in the IET drive, Figure 4.1, can be designed as any type of
electric machine e.g. asynchronous, DC, reluctance or synchronous with a field winding or
with permanent magnets in the rotor. Chapter 4 presents different possible machine topologies
of the integrated energy transducer, design rules of the IET and investigations on the chosen
IET topology. Furthermore, the selection of which rotor that should be connected to the ICE is
made in section 4.7.
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Figure 4.1: The integrated energy transducer drive

The integrated energy transducer is in principal an electric machine having two rotors. The
electric and magnetic properties of the IET are the same as for a conventional electric
machine, the main difference is that the stator rotates. Different machine topologies are
therefore studied and their suitability as an IET. However, the theory and the equations of the
IET are presented in Chapter 5, where the IET is designed based on the findings of Chapter 4.

The volume requirements on an integrated energy transducer for hybrid electric vehicles
depends on the vehicle. Generally the IET should be mounted in the engine bay of a car,
consequently the space is limited. The CVT volume is today slightly larger than an automatic
transmission and cars often have a front wheel-drive, thus the IET should be mounted directly
after the ICE and on top of the CVT as shown in Figure 4.2.

   ICE
IET

CVT

Figure 4.2: 
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The radial dimensions of an IET in an engine bay is not as limited as in the axial dimensions
as the ICE is often mounted perpendicular to the length of the car. The approximately outer
limits of the IET, or any type of equipment which should be mounted between the ICE and
the gearbox, for a mid-size car are:

an outer diameter of 300 mm and

an axial length of 200 mm.

This space requires that the flywheel of the ICE is removed. However since the CVT and ICE
have not been specified, these limits can only work as approximations for a design. Within
these limits, which gives a space volume of 0.188 m3, sliprings, brushes, resolvers and cooling
equipment must be enclosed.

For a rear-wheel drive the limitations might be different as the gearbox is likely placed in
another position. The axial length can then be longer and the diameter smaller. However rear-
wheel drives are not common in modern cars. Trucks and buses are on the other hand mostly
rear-driven.

The design of the IET could be made as any type of machine e.g. asynchronous, DC,
reluctance or synchronous. In order to produce a compact and high efficient IET the first three
machine types are rejected. The synchronous machine can be made with permanent magnets
or a field winding in the rotor. The choice of permanent magnetisation in favour of the field
winding is due to volume and the need of two extra sliprings for the field wound design.

Design rules for electrical machines in vehicles and especially for cars do not follow
conventional machine requirements e.g. generators for water power plants, electrical
machines operating as waste water pumps, fans, stirring machines in paper industry, conveyor
drives in mining industry etc.. These machines operates continuously for several years which
means that the users require a long lifetime. Consequently these machines are not designed for
high current and induction loadings as the winding insulation deteriorate with increasing
temperature. Electric machines for cars on the other hand, can be designed for higher current
and induction loadings as their lifetime in comparison is short. The lifetime of heavy vehicles
such as trucks and buses are however at least three to four times longer than that of a
conventional car.

How long is the lifetime of a car? A car normally operates for at least 200-250 000 km and
sometimes 500 000 km as taxis. The lifetime, tlife, of the vehicle can be estimated by

= (4.1)

where slife is the driven distance of vehicle during its lifetime. Assuming an average speed,
vaverage, of 50 km/h or 31.25 miles/h, the lifetime is 4000-5000 hours and for taxis 10 000
hours. With a very low average speed of 30 km/h, the lifetime is still not more than 6667-
8333 hours and continuously operation for one year is 8760 hours. Consequently electrical
machines designed for cars do not have to operate for more than an electrical machine year or
a year and a half at the most, until the lifetime of the car is ended. Thus cost and volume can
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be saved by utilising the material harder. An immediate benefit is obtained by increasing the
operating temperature of the stator winding to a higher level than in conventional electrical
machines.

According to the standard IEC 85, windings of the insulation, Class F can operate at a hot-
spot temperature of 155 degrees Celsius, with an average winding temperature of 145 C, for
30 000 hours. A well known empirical rule states the insulation lifetime is halved for every 10
K rise of temperature [123]. Consequently a winding temperature of 160 C gives a lifetime of
10 000 hours which is more than sufficient, since the operation is not always at rated power.
However the end-windings are subjected to centrifugal forces in the integrated energy
transducer, which produce mechanical stress on the insulation. Furthermore vibrations and
temperature variations in a vehicle drive can be substantial leading to possible damage of the
insulation due to relative movements of the different materials in the winding. Therefore the
average operating temperature of the stator winding should not be higher than 160 C. Class H
insulation can operate at 180 C if the lifetime of Class F is insufficient, but Class H is more
expensive and the magnets could have a problem with that temperature.

In section 3.5 the requirements of the integrated energy transducer drive components were
specified and calculated. As an introduction to the further development of the design rules, the
findings from section 3.5 will be first summarised below. The rated torque of the IET should
be at least that of the combustion engine. The peak torque of the IET is given by acceleration
demands in electric mode and the speed difference between the two rotors of the IET is set by
power demand in electric or hybrid mode. The maximum speed of the rotor connected to the
ICE is set by the maximum rotational speed of the ICE, while the maximum speed of the rotor
connected to the CVT by the maximum rotational speed difference of the IET plus the ICE
speed. The gearbox of the drive is a continuously variable transmission which gives the drive
the field weakening behaviour i.e. the IET does not have to be designed for field weakening.

The main design parameters of the integrated energy transducer are

1. ICE torque

2. required peak torque

3. no field weakening

4. maximum rotational speed

5. battery voltage

6. magnet temperature and

7. sliprings.

Requirements 1-4 have been discussed and specified for the particular application considered
in this thesis to

• IET rated torque 95 Nm

• peak torque 140 Nm and

• maximum rotational speed 6000 rpm.

The ratings of the drive components have been determined based upon the requirements of the
vehicle. However the design of the electric machine, the IET, must be made so that these
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requirements are fulfilled during all possible conditions. The battery characteristics are vital
in the design of the integrated energy transducer. The lowest battery voltage for the designed
integrated energy transducer drive is set to 250 V. However, the battery voltage varies with
the state of charge, SOC (battery energy), temperature and loading.

The remanence flux density of permanent magnets are dependent on the temperature, see
Figure 4.3. The torque production is thus reduced with temperature together with the induced
voltage. The peak torque and maximum speed must be reached even at minimum battery
voltage which means that the IET must be designed for 250 V on the DC-side of the inverter.
However the cogging torque must be studied for the lowest magnet temperature, see Chapter
7.

C

C C C CC

Figure 4.3: Demagnetisation curves for a NdFeB magnet at different temperatures

Figure 4.4 shows a theoretical demagnetisation curve of a hard permanent magnet such as
NdFeB, while Figure 4.3 shows the practical demagnetisation curves of a NdFeB magnet at
different temperatures.
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Figure 4.4 Demagnetisation curve for a typical NdFeB magnet, where Br is the remanence
flux density.

The demagnetisation knee (BD,HD) on the linear part of the magnets demagnetisation curve is
temperature dependent, it moves up into the second quadrant when the temperature increases
as can be seen in Figure 4.3.

The integrated energy transducer requires sliprings to connect the three phase winding with
the inverter. The sliprings and the brushes must withstand the maximum speed, conduct
current at maximum peripheral speed and transfer peak current. Sliprings and brushes are
designed for AC currents, not DC, and the frequency is set by the fundamental frequency of
the IET. Furthermore the sliprings produce heat and must have sufficient cooling. One
important design question is how should they be mounted i.e. do sliprings and brushes need
maintenance or can they operate the complete lifetime of the car without any maintenance?
Commutators in DC-machines of electric cars are said to require replacement every 100 000
km. However sliprings and commutators as well as their brushes are not directly comparable
as the commutation of current in commutators gives higher wear and tear on both commutator
segments and brushes. To determine the lifetime of the brushes in the different applications is
practically impossible, since the lifetime depends on the operation of the machine. Constant
operation gives long lifetime while transient operation reduces the lifetime. The lifetime of
the sliprings/brushes of the IET requires thus a separate study.

There are several different types of permanent magnet synchronous machines e.g. radial, axial
and transversal flux machines. The main difference between these machines are the direction
of the active flux, which results in rather dissimilar machine designs. The radial flux machines
are still the most common PM-machine design. However when designing a new type of drive
one should investigate other possible topologies than the conventional radial flux machine.
Nevertheless the integrated energy transducer drive is a new concept and in order to verify
the drive and to insure to a higher degree that specifications and performance could be met,
the conventional radial flux design was adopted. Possible topologies are however discussed in
the following sections.
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The transversal flux machine is a relatively resent developed machine type particularly suited
for direct drive i.e. high torque and relative low speeds [101], [102], [103]. Figure 4.5 shows a
principle layout of an inner rotor transversal flux machine. The topology of these machines
can be either radial or axial gap machines with surface mounted magnets or with flux
concentration.

airgap

stator winding
(one phase)

rotor magnets

rotor back

stator core

Figure 4.5: Principle layout of a transversal flux machine.

The torque production in transversal flux machines is rather unique, it is operating on
harmonics. A stator phase winding excites a mmf distribution at the airgap which is normally
homopolar. This mmf is modulated by a pattern of stator teeth to produce a high-order spatial
harmonic of flux. This flux component interacts with a heteropolar pattern of magnets on the
rotor, of the same harmonic order, to produce torque [104]. The stator winding in transversal
flux machines is simple, a single ring coil hence there are no end-windings. Therefore the
copper losses are relatively low and the current loading can be high resulting in high torque
production. The number of phases in transversal flux machines can be one, two or more. The
number of phases are increased in [104] by adding another disc which means that three phases
require three discs.

The main advantage of transversal flux machines are their torque density which is in the range
of 5-10 times higher compared to standard induction motors [104]. The main drawback is
their poor power factor which is in the range of 0.35 for surface mounted magnets and 0.55
for the less robust flux-concentrated machines [104]. This can be compared with PMSM
which reaches 0.9-1 in power factor. The price for a high torque density must be paid with a
large inverter in the drive due the low power factor. Besides the low power factor, the stator
structure usually results in large cogging.

Even though a three phase inner rotor transversal flux machine has been studied for in-wheel
drive of an electric vehicle [105], it does not seem to be a possible solution of an integrated
energy transducer due to the large inverter required in the drive and the cogging problems
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which are likely to arise. However it is an interesting machine due to its extremely high torque
density and its normally short axial length.

The axial flux machine has its active flux in the axial direction of the machine. The torque
production takes place along the radial direction of the airgap surface, whilst in conventional
radial flux machines the torque production takes place in the axial direction of the airgap
surface at a constant airgap radius. The axial flux machines are often suited for high torque
and relatively low speed applications as direct drives or in-wheel drive of an electric vehicle
[95]. However axial flux machines have been used in a high speed flywheel application [100].
To increase the torque, with maintained induction and current loading, the outer diameter in
relation to the inner diameter is increased. The axial length is not effected, since the thickness
of the stator and the rotor backs are mainly determined by the number of poles. These types of
machines tend therefore to have a much larger diameter to axial length ratio and consequently
a high pole number. There are several topologies of this concept of which the Torus machine
is one of the more interesting topologies, see Figure 4.6.
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Figure 4.6: Torus machine

The Torus machine is an axial flux machine having two rotor disks and a strip wound stator
core. The stator winding is a toroidal winding uniformly wrapped around the core. The stator
winding has extremely short end-windings and both sides of the stator are used for torque
production i.e. the material is efficiently used. The stator core can be constructed with iron
powder or without the presence of iron [83]. All designed Torus machines that are presented
in the literature are of the type airgap-wound type i.e. no stator teeth [83]-[93] and have
therefore normally low inductances. Since they are airgap-wound they cannot operate with a
large field weakening range. Torus machines have often high overload capability due to
efficient cooling and low inductance. These machines have mostly been used for generator
applications such as small generators [89], engine starter/generator [90]-[92] and wind power
generator [93]. In [88] a design, intended for ship propulsion, of a small prototype motor
having counter rotating rotor disks is given. Torus machines have also been used in electric
vehicle applications [83]-[87] where they are mainly mounted in the wheel hubs. Most of the
Torus machines were designed as BLDC machines but the ones for electric vehicle
applications are PMSM.
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Torus machines have many advantages such as high power and torque densities, short axial
length, high overload capability and high efficiency. The lack of field weakening capability is
not a drawback in an IET-drive application, since the field-weakening behaviour is achieved
by the CVT. Yet another advantage is the end-windings as they lie directly across the stator
core see Figure 4.6. Hence the centrifugal forces acting on the end-windings are not a big
issue.

The more conventional axial flux machine shown in Figure 4.7, has been designed with to
configurations: two stator disks and one rotor disk as well as one stator and two rotors. This
design is likely to have a larger diameter due to the end-windings compared to a Torus design,
since the active torque producing area is the same.

winding
coils

stator

shaft

magnets statorrotor

Figure 4.7: Principal sketch of a double rotor axial flux machine

Unlike the Torus machines, the normal axial flux machines have been previously constructed
with stator teeth [96], [97], slotless [97] and even a salient-pole axial flux machine intended
for electric vehicles using iron powder in the rotor circuit [96]. The use of slotted stator
requires less magnet material thus reducing cost. However problems with cogging arise. In
radial flux machines a skew of one slot pitch eliminates the fundamental of the cogging but in
[96] cogging was present even though a skew of one slot pitch was used. In axial machines
having two stators and one rotor, cogging can effectively be eliminated by skewing the
magnets and staggering the stators as shown in Figure 4.8 [99].

StaggeredUnstaggered

stators rotor

Figure 4.8: Unstaggered and staggered stators for cogging reduction in axial flux machines

However, this will give rise to large axial force pulsations on the rotor. Staggered stators are
therefore not recommended due to the presence of mechanical vibrations, noise, fatigue and
manufacturing problems. The possibility of using a permanent magnet axial flux machine
with one stator and one rotor as an IET is therefore disqualified as the axial forces would be
too large. This topology would otherwise give the simplest mechanical design compared to
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any other axial flux IET. An asynchronous axial flux machine [106] might be possible, but
asynchronous machines are disqualified due to their low efficiency and poor power density.

The conclusion of the feasibility of using axial flux machines as an integrated energy
transducer, is that the Torus concept is the best topology as the normal axial flux machine will
likely have a larger diameter compared to a Torus design due to the end-windings. The power
density and efficiency of the Torus design are slightly higher than the normal axial flux
machine having two stators [98]. The Torus machine requires more magnet material and
consequently higher material cost, compared to a slotted axial flux machine. It is however, not
subjected to the problem of cogging. Therefore the Torus machine is to be preferred.
However, some mechanical difficulties with the Torus concept which might have been
omitted in the reasoning above, could tip the favour to the normal axial flux concepts.

As mentioned earlier only the radial flux topology will be designed in detail. Radial flux PM-
machine have several possible topologies such as salient poles, topologies with inset or buried
magnets or non-salient poles topologies where the magnets normally are surface mounted.
Furthermore, the airgap flux can be flux concentrated which is normally achieved using
buried magnets. Yet another possibility, is to use an outer rotor design instead of the more
common design of inner rotor machines. These aspects will be addressed in the following
sections.

In this section different magnet arrangements in the rotor of radial flux machines are studied.
The possibility of switching the conventional placing of the stator and the rotor i.e. investigate
an outer rotor concept is performed in section 4.8.

Permanent magnet motors often replace the robust and cost effective asynchronous motor and
therefore the permanent magnet machine, from the outside, look similar to the asynchronous
machine. The asynchronous rotor is replaced by a permanent magnet rotor and the stator
remains more or less unchanged. The most obvious solution is to mount magnets directly on
the rotor surface Figure 4.9. This concept is often referred to as exterior or surface mounted
PM-machine.
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Figure 4.9: A 4-pole rotor with surface mounted magnets, with its d- and q-axis shown.

Surface mounted magnets result in pole gaps or interpoles of air between the magnets. These
interpoles can be filled completely with rotor iron or partially by leaving a small airgap
between the iron interpole and magnet, see Figure 4.10. These later concepts are referred to as
inset PM-machines.

q

d
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iron iron

airgap

interpole
iron

magnet

Figure 4.10: Inset PM-machines.

The relative permeability of modern high energy permanent magnets such as neodymium-
iron-boron, NdFeB, is close to one, a typical value is r=1.05. Thus the permeability of
permanent magnets is close to that of air. Consequently the reluctance along the flux path in
the direct axis, d-axis, of the surface mounted PM-machine see Figure 4.9, is equal to the
reluctance along the flux path in the quadrature axis, q-axis. For the inset design shown in
Figure 4.10, the reluctance along the flux path in the q-axis is lower than in the d-axis.
Accordingly, the inset design has a saliency (Ld Lq) where Ld<Lq due to the permeability of
the magnets. This saliency is the inverse to that of field-wound synchronous machines
(Ld>Lq). PM-machines with surface mounted magnet have practically no saliency Ld=Lq,
similar to a non-salient pole or cylindrical machine.

By introducing iron in the interpole region of a rotor with surface mounted magnets, the total
inductance is increased, but the magnet flux leakage is also increased. Therefore, inset
permanent magnet machines requires more magnet material than surface mounted PM-
machines which could lead to higher cost (depends on the reluctance torque contribution). In
order to reduce the leakage, an airgap between the iron interpole and the magnet is used as a
flux barrier as shown in Figure 4.10. Other flux barriers e.g. non-magnetic material such as
aluminium are used in rotors with interior magnets to increase the airgap flux density or to
decrease the saliency.
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Surface mounted or inset magnets must be properly retained at high speeds or accelerations
when the centrifugal forces are large. Consequently, banding is generally required. The
banding can be performed with high tensile strength fibres such as kevlar, glass fibre, carbon
fibre or some sandwich construction of these. A sleeve of nonmagnetic steel with both high
strength and high resistivity can also be used to retain the magnets. However, the sleeve will
be subject to tooth ripple harmonic flux due to the permeance harmonics set up by the stator
teeth. This results in induced eddy currents within the sleeve. Time harmonics from the
switching of the inverter could also give some losses in the sleeve, but the slot harmonics are
the most critical. A sleeve of magnetic material gives considerably more losses than a non-
magnetic [108], [110] caused by the relatively low resistivity and high permeability of
magnetic material. However, if regarding the total PM-machine losses, it was found in [107],
that a magnetic sleeve gave higher efficiency in some cases. The approach to calculate the
sleeve losses are different in [108] and [107]. The latter assumes that stator currents together
with current sheets in the sleeve, produce the flux harmonics which means a mmf-forced flux
situation, while the former assumes a constant flux linkage or a flux-forced situation. An
analytical method to calculate the impact of slot harmonics on sleeve losses is given in [109].

To retain the magnets with glass-fibre tapes often requires a few millimetres of thick bandage
which lengthens the magnetic airgap and thereby reduces the inductance which could be
undesirable in applications requiring field weakening. Furthermore the rotor surface must be
smooth otherwise the bandage will experience high concentrations of tension i.e. the
interpoles of surface mounted magnets should preferably be filled with nonmagnetic material.
The thermal expansion rate of rotor iron, magnets and bandage should not be disregarded.

An alternative to mounting the magnets on the surface is to place them inside a slot in the
rotor. These are referred to as interior or buried magnets. There are numerous types of magnet
arrangement inside the rotor depending on its application. In Figure 4.11, rotor d) is basically
the same as a surface mounted design, but with iron on the top. This increases the magnet
leakage but also protects the magnets from demagnetising currents and improves the field
weakening range. However the iron bridges, which short-circuit parts of the magnet flux,
must be thick enough to retain the magnets. There has also been a design to limit the magnet
flux leakage using notches [111] but this design is not to be preferred. (The notches were cut-
out from the airgap and in between the magnets of rotor d)). Rotor d) is a non-salient pole
design hence the magnets cover the complete rotor circumference.

Rotors a), b) and c) are salient pole rotors with flux concentration. All of these rotors have a
large saliency Ld<Lq. This is because the flux in the direct axis must pass through the magnet
while the flux in the quadrature direction is mainly in the iron. In order to limit the flux
leakage flux barriers are used as in rotor c). The flux barriers are non-magnetic material which
conducts current like aluminium or non-conductive as a slot or a cut-out in the rotor.
Furthermore, the flux barriers can be used to protect the magnets against irreversible
demagnetisation caused by current transients and improve the speed performance during
electric transients [112] or as in line-starters, operate as a squirrel cage [113]-[115]. The rotor
has then an aluminium cage as shown in rotor b).
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Figure 4.11: Rotors for PM-machines with interior or buried magnets.

The interior magnets are placed in slots and fastened with glue, therefore the magnets do not
have to be coated. The magnets of surface mounted PM-machines are generally coated with a
protection layer of 5-20 m thickness and the material used can be organic or metallic such as
nickel. It is especially important to coat NdFeB magnets since they are susceptible to
corrosion, from the humidity of air. Samarium-cobalt, SmCo, magnets are practically
unaffected by humidity. However NdFeB or SmCo magnets are destroyed in hydrogen. The
only effective protection is gas-proof encapsulation [117]. An overview on permanent magnet
material is made in [116] and additional information can be found in [118], [119].

In a battery-driven electric drive, the available maximum power is controlled under DC-link
voltage and current constraints by optimal current control for maximum torque or field-
weakening operation. The operating limits of the drive such as torque and field-weakening
capability, are however strongly dependent of the PM-machine parameters. Consequently it is
vital in a project to identify the required machine parameters at an early stage of the design
process.

The impact of machine parameters on field weakening range, torque capability and maximum
operating limits of PM-machine drives have been thoroughly investigated by many authors
[125] - [137]. However the integrated energy transducer is not intended for field weakening
and it will only operate at or below base speed. Therefore field weakening is not a issue in the
IET design, but the torque capability is important as the peak torque for acceleration or
retardation can be substantially higher than rated in a vehicle application.

The most important machine parameters are inductance, magnetic flux and the level of
saliency i.e. salient or non-salient pole. The influence of these parameters on the traction
curve can be investigated in the dq-system. Control laws and derived equations in the dq-
system for currents, voltages, fluxes and torque of PM-machines below and above base speed,
for maximum torque and field weakening under voltage and current constraints are given in
[136], [139]. Normalised or per unit equations are derived in [128] - [130] and [135], [136].
The PM-machine parameter investigation in the following is performed in the per unit system
described in [141] and used in [129] - [132]. In Appendix B, the chosen per unit system is
described. For simplification of the analysis steady-state operation is assumed. Losses and
iron saturation is neglected, which implies negligible stator resistance and constant
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inductance. However, the effect on the drive characteristic from iron saturation and cross-
coupling are investigated in [125], [133], [140] and the effect of non-negligible resistance are
investigated in [132], [136].

The chosen per unit system has base values such that one per unit stator current, voltage and
flux linkage at one per unit speed, at rated (max continuous) current gives the maximum
obtainable torque. The steady state dq-equations for PM-machines in the chosen per unit
system, with the above assumptions become, for the flux linkages:

+= (4.2)

= (4.3)

22 += (4.4)

where s is the total flux linkage, ld and lq are the per unit inductances in d- and q-directions
respectively which includes the leakage and magnetising components. m is the flux from the
permanent magnets that links with the stator winding.

The voltage equations are

== (4.5)

( )+== (4.6)

=+=+= 2222 (4.7)

where us is the applied per unit voltage at the mains of the PM-machine. The per unit
electromagnetic torque in dq quantities is

( )== .
(4.8)

a) b)

Figure 4.12: Phasor diagram of a) non-salient pole, b) salient pole.

For the completion of the investigation on how the inductance and the magnet flux linkage
affect the torque-speed characteristic of a PM-machine also the field-weakening area is
included. This is important in order to achieve an improved understanding of the machine
parameters and for easier comparisons with other machine concepts and as reference when
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discussing other concepts. Furthermore from an investigation on the field-weakening
behaviour, conclusions can be made on unsuitable parameter combinations for machines
which are to be operated below base speed.

For the non-salient pole machine the inductance in the d- and q-axis have the same value
ls=ld=lq. Therefore there is no reluctance torque contribution in these PM-machines. The
torque production is consequently only produced by the alignment torque i.e. interaction by
the magnet flux and the stator currents. The torque becomes

= (4.9)

and from Figure 4.12 the torque can be expressed as

sin= (4.10)

where  is defined as the angle between the stator current vector is and the permanent magnet
linkage flux vector m. The torque will have a maximum for =90  ( m is constant). The
maximum torque per ampere stator current, for a non-salient PM-machine, is thus achieved
when the stator current is leading the permanent magnet flux by 90  i.e. is=iq and id=0.

Below base speed rated torque is achieved with one per unit stator current in the q-axis. With
rated torque the stator flux linkage is 1 p.u., because of the chosen base values. At base speed
with rated torque the stator voltage us is one per unit,

22

1

0
1 +=

=
=

= . (4.11)

The maximum steady state torque at rated current in a non-salient pole PM-machine is thus

21=== . (4.12)

From (4.12) it can be seen that the torque below base speed is decreasing when the
inductance is increasing, see Figure 4.13.
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Figure 4.13: Torque-speed characteristics for non-salient pole PM-machine for ls=0.1-0.7
p.u. and rated current.

Above base speed the airgap field must be weakened to maintain a constant voltage as the
voltage output of the inverter is limited. The voltage at base speed is one per unit. In the field
weakening region maximum torque is maintained by choosing a  value which produces
maximum quadrature current, within permitted stator flux levels and current limitations. The
flux in the direct-axis d is reduced (weakened) by introducing a negative direct-axis current
component. Above base speed with maximum torque the stator current vector is in the second
quadrant, >90 . The steady-state limiting conditions with 1 p.u. voltage and current are:

1= (4.13)

for the voltage and

1222 ==+ (4.14)

for the current, as above base speed both the voltage and the current must be limited at the
same time. The q-axis current can be written as [129]:

( )22

22

14

1
1

1= .

(4.15)

The maximum torque above base or rated speed in field weakening operation can be
expressed as a function of speed and inductance
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22

2

2

1
1

1== .
(4.16)

The torque speed characteristics above base speed are shown in Figure 4.13 and the used per
unit parameter values in the analysis of the non-salient pole PM-machine are given in Table
4.1 below.

Non-salient pole [p.u.]

m ls

0.9950 0.1

0.9798 0.2

0.9539 0.3

0.9165 0.4

0.8660 0.5

0.7141 0.7

Table 4.1: Some parameters of the non-salient pole PM-machines in per unit values.

Power factor of non-salient pole PM-machines is also affected by the machine parameters
and consequently the machine parameters also affect the size of the inverter. The load angle 
shown in Figure 4.12 can be calculated as

( ) ( )22
cos

++

+
=

+
=

+
= (4.17)

and the angle 

{ }==== p.u. 1cos . (4.18)

The power factor is then calculated as

( )= coscos . (4.19)

From Figure 4.13 it is obvious that with a large synchronous reactance the field weakening
range is extended. Below base speed the torque is higher for lower values of ls. The power
factor cos  of a motor below base speed is better for a low value of inductance see Figure
4.15.
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Figure 4.14: Power factor for a non-salient pole PM-machine.

Observe from Figure 4.14, with a stator current only in the q-axis, that a high inductance is
disadvantageous for the power factor and a unity power factor is not achieved below base
speed. The power factor of non-salient pole PM-machines having ls=0.1 to 0.7 is shown in
Figure 4.15 which should be compared with the torque speed characteristics shown in Figure
4.13.
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Figure 4.15: Power factor of non-salient pole PM-machines.

It can be concluded from Figure 4.15 that the power factor close to the base speed, is high if
the inductance is low and from Table 4.1, it can be seen that m should be >>ls.
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Salient pole PM-machines have their magnets mounted in the rotor such that the direct and
quadrature inductance are different. Thereby a saliency is introduced and the torque
production consists of both alignment torque and reluctance torque. In salient pole machines a
large part of the torque arises from the reluctance torque, especially in machines where the
saliency is high. The relatively large inductance in the q-direction produces a significant
armature reaction which is a drawback in overload conditions i.e. saturation and voltage
limitations occur.

Inserting id=iscos  and iq=issin  which can be derived from Figure 4.12 in (4.8) gives the
following per unit torque

( ) 2sin
2

1
sin 2= . (4.20)

The optimum current angle  will now become larger than 90  because of the reluctance
torque contribution as shown in Figure 4.16.
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Figure 4.16: Torque as a function of  with constant current is. The optimum  trajectory for
maximum torque is also shown in the figure.

The optimum current trajectory for maximum torque below base speed is [129]

= 2 (4.21)

expressed as a function of id, where a negative value of iq represents generator operation.
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Above rated speed the airgap field must be weakened. Current and voltage are limited by the
machine (thermal) and the inverter (power) to one per unit. The current limit is the same as
for the non-salient pole machine but the voltage limit becomes [129]

( ) 222
2

1 ++= . (4.22)

By solving the current (4.14) and voltage limitation (4.22) equations, the d- and q-axis current
can be solved for maximum torque with rated current, as a function of speed . The d-axis
current becomes for both generator and motor operation

22

2242222222 +++

= . (4.23)

The q-axis current becomes

22

2422222242222 2 ++++++
= (4.24)

where the positive sign is valid for motor operation while the negative sign is valid for
generator operation. Furthermore the constants in (4.24) are

=

=

= .

The per unit values of the salient pole PM-machines used for the analysis are given in Table
4.2 below. The method of selection of per unit parameters is described in Appendix C. In this
way the machines can be designed in per unit values for the required torque-speed
characteristics and the parameters can then be recalculated to real values by using the model
in Appendix B. It requires, however, that the base voltage, current, mechanical angular speed
and pole number are specified. Observe that in the chosen per unit system, the machine
parameters m, ld and lq are not independent. For a chosen m and ld, there is a unique value
of lq which suits to the chosen base conditions. This is described in Appendix B.

Salient pole nmax=5.0 [p.u.] Salient pole lq=2ld [p.u.]

m ld lq m ld lq

0.3 0.1 1.4604 0.9335 0.25 0.5

0.4 0.2 1.4046 0.9016 0.3 0.6

0.5 0.3 1.3416 0.8117 0.4 0.8

0.6 0.4 1.2683 0.6708 0.5 1.0

0.8 0.6 1.0548 0.5665 0.55 1.1

Table 4.2: Salient pole PM-machines in per unit values
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Figure 4.17 shows torque, power and current characteristics of salient pole PM-machines
designed for 5.0 per unit speed, and their parameters are given to the left in Table 4.2.

1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Speed (p.u.)

T
or

qu
e,

P
ow

er
 (

p.
u.

)

Torque 

Power

Figure 4.17: Torque speed characteristics for five salient pole PM-machines with a saliency
given by ld=0.1 and lq=1.46, down to a saliency given by ld=0.59 and lq=1.05.

It is interesting to note in the results shown in Figure 4.17, that the torque and power
characteristic are the same for all machines, despite their difference in saliency which varies
from 14.6 to 1.76. The maximum speed is set by m-ld, which is 0.2 for the characteristics
shown in Figure 4.17.

The parameters are chosen using the method described in Appendix C. Torque and power
characteristic are mainly determined by the maximum speed. However if the torque below
base speed must increase the machine parameters must be changed, consequently also the
maximum speed.

Figure 4.18 shows the torque and power characteristics for salient pole PM-machines with a
constant saliency of two, and their parameters are given above to the right in Table 4.2.
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Figure 4.18: Torque-speed and power-speed characteristics for PM-machines with a
constant saliency of two. ld=0.55 and lq=1.1 is dashed o, ld=0.25 and lq=0.5 is
dash dotted.

From Figure 4.18 one per unit power is reached for ld=0.55 at infinite speed. For lower values
of ld is the torque below base speed increased, while the field weakening range is decreased.

In summary the torque below base speed is increasing when the field-weakening range is
decreasing. Setting iq=0 and id= -1 in (4.22), it can be seen that the field weakening increases
when the flux linkage m-ld decreases (infinite speed when m-ld=0) while lq increases. This
can also be seen by comparing the curves in Figure 4.18 and the machine parameter values in
Table 4.2.

The conclusions from the above analysis, are that the IET should be designed with m much
larger than ld and a small lq.

The power factor, which directly influence the inverter rating, depends on the inductance in
both d- and q-axis. The load angle  see Figure 4.12, can be calculated as

+
=

+
=

+
=tan (4.25)

and the angle 

{ }==== p.u. 1cos . (4.26)

The power factor can then be calculated as
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( )= coscos . (4.27)

Figure 4.19 shows the power factor for salient pole PM-machines designed for nmax=5 per unit
which should be compare with the their torque-speed characteristic shown in Figure 4.17.
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Figure 4.19: Power factor for five salient pole PM-machines, Table 4.2, designed for
nmax=5.0 per unit.

From Figure 4.19 it can be seen that the power factor is independent of the machine
parameters, if the parameters are designed to give a certain maximum speed. Figure 4.20
shows the power factor for PM-machines having a saliency of lq=2ld.
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Figure 4.20: Power factor for salient pole PM-machines with lq=2ld.

As can be seen in Figure 4.20 the power factor varies significantly depending on the
inductances. This should be compare with their torque speed characteristics shown in Figure
4.18. It can be concluded from Figure 4.20 that a small inductance gives a high power factor
at base speed while m>ld see Table 4.2.

Some remarks

The important parameter for the IET is the torque capability, besides the requirement of
minimising the inverter rating. The IET volume must be small, consequently the design which
gives the highest torque density should be used. In [127] it is shown that inset PM-machines
have better torque capability than surface mounted PM-machines. However in [133] it was
shown especially for a salient pole interior PM-machine with field weakening capability,
intended for vehicle drives, that cross saturation from the quadrature-axis torque producing
current, iq, reduces the output torque from the machine. Furthermore the saliency of the
machine is reduced by the saturation effect in the q-axis, hence the reluctance torque
production is reduced as well. These saturation effects reduce the torque output by 30 percent.
The saturation in the q-axis is mostly effecting the torque capability of the motor below base
speed [140]. The IET only operates below base speed, it becomes therefore more difficult to
predict the maximum torque capability of the IET if a salient pole PM-concept is used.

The choice of rotor concept, section 4.8, makes the design of a salient pole IET more difficult
to realise. However an inset topology is theoretically possible but requires more machining of
the rotor see section 4.8. For simplicity, therefore, the salient pole design is excluded.
However it should be pointed out, the salient pole PM-machine is the best concept for wide
ranges of constant power operation [72].

The non-salient pole PM-machine should be designed for maximum torque per ampere
current, which implies as deduced from (4.9) a high magnetic flux linkage, m. This means a
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high back-emf E, which is the same result as is reported in [128]. This requires thick magnets
and consequently results in low inductance ls. Furthermore a low inductance increases the
torque below base speed (4.12) as well as improves the overload capability, as the armature
flux becomes low. The author in [142] came to the same conclusion concerning the
relationship between the magnet thickness and overload capability. It was shown that using,
the current constraint that no part of the surface mounted magnet is demagnetised, the
maximum available torque below base speed is proportional to the magnet thickness:

=
0

2ˆ (4.28)

where lm is the magnet thickness. Br is the magnet remanence flux density, BD the flux density
at which the magnets are permanently demagnetised i.e. the demagnetisation knee of the
magnets, L is axial length of the rotor and r airgap radius. The magnetic airgap length ge,
which includes the magnet plus the mechanical airgap length is given by:

+= (4.29)

where e is the effective airgap including the effect of stator slots and r is the relative
permeability of the magnets.

Conclusion

The non-salient pole design is chosen. As a consequence of a high back-emf, the power factor
also becomes close to unity at base speed which minimises the inverter rating and results in a
low inductance giving a high overload capability. Furthermore the IET is always operating at
high torque in order to maximise the efficiency of the drive, i.e. it continuously operates with
high current values. To minimise the copper losses in the winding, a high magnetic flux
linkage is beneficial. However the iron losses increase with higher magnetic flux, but a
vehicle rarely operates at its maximum speed for longer periods so the rated iron losses occur
only during short periods of time. Consequently, it is better to decrease the copper losses as
this should give a higher total efficiency of the drive during its complete lifetime.

The non-salient permanent magnet synchronous machine can be made as a brushless direct
current machine, BLDC, with a trapezoidal back-emf or as a sinusoidal permanent magnet
machine, PMSM. (In [74] a proposal to a definition of the BLDC machine is given). In this
section some comparisons are made between the two machine designs, where the BLDC
motor is supplied with rectangular phase currents, Figure 4.21 and the PMSM with sinusoidal
phase currents, Figure 4.22.



Choice of IET machine topology Chapter 4

73

t

t

t

t

current

emf

Power/phase

(Nm, W)
Total power
Torque

120

Figure 4.21: Ideal current, emf, power and torque for a BLDC
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Figure 4.22: The ideal waveforms in a PMSM machine

Generally-speaking, the BLDC motor needs a simpler control equipment. The rotor position
has only to be checked every 60 electrical degrees, which can be done with three inexpensive
Hall-sensors mounted in or near the airgap. The control of a PMSM needs at each instance of
time an accurate rotor position in order to apply the correct amplitude and phase angle of the
voltage/current which is necessary to achieve a constant and precise torque control. The
PMSM therefore requires a resolver or some other absolute position encoder or a software
that will accurately estimate the rotor position. If BLDC motors are used in servo drive
applications, the Hall-sensor resolution is not enough and in that case, absolute encoders or
resolvers must be used instead.

Only one current sensor (which measures the DC-link current [72]) is required for controlling
a BLDC machine, compared to a minimum of two current sensors that are required for the
PMSM.
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The inverters for three phase BLDC and PMSM motors require the same amount of power
components i.e. six transistors. Both machines are normally fed from a voltage source
inverter. For the BLDC machine, the inverter switches out a quasi-wave phase current into
one phase and out from another phase. For the PMSM, the inverter switches out a sinusoidal
phase current, where all three phases can conduct current at the same instance of time. With a
three phase voltage source inverter, Figure 4.23, the current shape and its regulation are
accomplished with pulse width modulation, PWM, which are normally used for both machine
types. The current control of a BLDC machine can also be performed with a buck-converter
connected before the three-phase inverter, but it requires one more transistor [72].

C

+

-

UDC

Figure 4.23: Three-phase voltage source inverter

The commutations of the current from one phase to another for the BLDC machine give rise
to torque ripple [68], [72], [73] and in the field weakening range the torque pulsations
normally increase [71]-[73]. No problematic torque ripple was however reported in [70] for a
tested BLDC machine for electric or hybrid electric vehicles, operating in field-weakening
range by advanced commutation angle. PMSM machines do not have the same problem with
torque ripple. The overall ripple torque from a well designed PMSM machine is less than the
ripple in a BLDC machine [69], [72].

The torque in an electric machine can be calculated as

22= , (4.30)

where the S is the current loading and Bm is the airgap flux density, r is the airgap radius, L
the active length of the machine. For a three phase machine S is given by:

4

3

2
2

3
== (4.31)

where  is the actual number of conductors per slot,  number of slots per pole and phase and
 is the number of poles and I the phase current.

In the BLDC machine, only two phases are conducting current at each time instance.
Therefore only 2/3 of the machine area is at any instance of time actively producing the
torque. Thus:
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2 2 . (4.32)

For the BLDC motor, Bm is the peak value of the square waved airgap flux density, Figure
4.24.

The torque for a PMSM with surface mounted magnets can be calculated by

22= (4.33)

when the current loading S and the airgap flux density B  are aligned. S is a rms value of the
current loading and B  is the fundamental rms value of the flux density in the airgap produced
by the magnets. In the PMSM all three phases are ideally conducting a sinusoidal current. The
torque can then be calculated as

2

3

4

3
2 2 == . (4.34)

The torque capability of the BLDC and the PMSM is almost comparable for the same rotor
size. This can be demonstrated by comparing equations (4.32) and (4.34):

2

32

3

== . (4.35)

Surface mounted magnets produce a square-wave flux density as shown in Figure 4.24.

B̂

Figure 4.24: Ideal air gap flux density from surface mounted magnets

The rms value of the airgap flux density is given by

sin
22

, = , (4.36)

where  is half the angular width of the magnet. For comparisons the rms values of both the
BLDC and PMSM current are assumed to be equal so that the copper losses are equal. In the
BLDC machine the current IBLDC is a square wave and conducts during 120 . The fundamental
rms value becomes

60sin
22= . (4.37)

Combining (4.35), (4.36) and (4.37) gives the torque ratio
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The PMSM torque is equal to the BLDC motor torque when

75.71
36

arcsin
2

== (4.39)

giving an angular width of the magnet of 143.5 . The PMSM will therefore produce the same
torque as a BLDC machine with the same fundamental rms current but will require only
143.5  of magnets covering the pole. The BLDC machine on the other hand has 180  of
magnets extending over the complete pole, for a Y-connected stator winding. Therefore the
BLDC motor must have a stator back thickness of

,,, 25.1
5.143

180= (4.40)

to maintain the same peak flux density in the stator back, as the PMSM. It can therefore be
concluded that the BLDC motor requires more iron material in the stator back and
consequently a corresponding increase in the iron losses in that region. Neglecting the higher
order of mmf waves and stator slot harmonics etc., the rotor and surfaces losses in the PMSM
and the BLDC motors should be of the same order. The integrated energy transducer is
intended to be designed with Y-connected stator windings. This is done in order to avoid the
risk of circulating currents in a delta-connected stator winding originating from the third
harmonics from the magnets. More on design of BLDC machines and delta-connected
windings can be found in [75].

The losses in the stator teeth of the machine are dependent on the amplitude and shape of the
flux waveform in the teeth. The flux waveforms in the airgap in PMSM and BLDC machines
are essentially the same and consequently the fluxes in the teeth will be quite similar. Some
differences will arise due to the normally lower number of teeth in the BLDC machines which
will give slightly lower losses in these machines. The extra losses in the PMSM are due to the
eddy current losses in the teeth. These eddy current losses which are larger in the PMSM, are
induced when the magnet edges enter or leave one tooth.

The currents in the BLDC are principally square waves (excluding field weakening operation
where the square wave is distorted) and thus contain a high number of harmonics, which will
contribute to the increase in the iron and copper losses of BLDC machines. The rms value of
the current in the BLDC-machine is actually 32  and not 0.78IBLDC which is the

fundamental rms value of the current. This implies that the BLDC-machine will have higher
losses in the stator winding than the PMSM.

To summarise the investigation, the Y-connected PMSM uses its material more efficiently
than the BLDC machine. The BLDC machine has more iron and magnet material. For larger
machines the material cost and efficiency of the machine are important, while for small
machines the extra material cost is of lesser importance. The extra cost of a resolver or
position encoder which can be rather expensive especially for small motors and low cost
applications is the major disadvantage in the PMSM concept. The BLDC machine is therefore
probably more suited for low cost production, mainly due to simpler control system which
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only requires low cost Hall sensors. For servo drives the resolution of the  Hall-sensors are not
enough, which implies that resolvers or position encoders must be used. PMSM requires two
current sensors but for the BLDC machine one could be sufficient. A current sensor is on the
other hand not so expensive and it wont have a significant effect on the total cost of the drive.
The efficiency and cost for the inverter should be the same both for PMSM and BLDC
machines since both use the same inverter topology. The time harmonic losses in the stator
winding (BLDC) and iron laminations (PMSM) should not have a significant effect on the
efficiency of the drive.

The performed comparison suggests that the PMSM is suited for larger machines while the
BLDC machine is more suited for low cost production. It cannot however be clearly stated
that the PMSM is always more efficient than the BLDC machine. With regard to efficiency of
the IET-drive, the IET efficiency is not as crucial for the drive as the efficiency of the CVT
and the ICE. Therefore no further comparative investigations between the BLDC machine
versus PMSM efficiency are made. The PMSM still has an important advantage with regard
to torque ripple. The only major drawback to use a PMSM in favour of a BLDC machine in a
hybrid electric vehicle drive is the need of a resolver or absolute position encoder which are
costly. A vehicle drive probably does not require the same position resolution as a servo drive
and therefore Hall-sensors could be used for a BLDC machine. The sensors are supposed to
be mounted in the stator of a conventional machine, but in the IET the "stator" i.e. the
winding, is rotating. Therefore it is not possible to use inexpensive Hall-sensors, they must be
equipped with sliprings two for each sensor, which makes it probably as costly and volume
demanding as a resolver or an absolute position encoder.

Conclusions
The engine bay of a vehicle is limited in space and the integrated energy transducer must fit
into a conventional engine bay between the ICE and the gearbox. The IET has to be designed
for high torque and low rotational speed which makes it relatively heavy. In order to design an
IET with a minimum of weight and volume the PMSM concept should be adopted. It is not
possible to use inexpensive Hall-sensors for a BLDC integrated energy transducer and there
will therefore be no major cost savings in the control equipment. Furthermore the efficiency
of the BLDC machine is not higher than the PMSM.

The permanent magnet synchronous machine (PMSM) concept was adopted for use as the
integrated energy transducer. The focus in the thesis is thus on the permanent magnet
synchronous machine. The term PM-machine will henceforth refer to the PMSM, unless
otherwise stated.

In the early double rotor drive concept presented in section 3.4, the rotor containing the
magnets was connected to the combustion engine. Thereby the sliprings are rotating in
electric mode and consequently the brushes are always in contact with a moving surface. Thus
the risk of damaging the surface of the sliprings in electric mode is eliminated. However the
sliprings will rotate at higher speeds in hybrid mode which demand a more advanced brush
and slipring design. Furthermore in the early drive design, the end-windings will rotate at
higher speeds, compared to the later design where the rotor containing the winding is
connected to the ICE. Hence the end-windings in the early design are subjected to large
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centrifugal forces which might damage the insulation. The end-windings require therefore
more bandaging which consequently leads to an inferior cooling. The only reason not to
connect the sliprings and the rotor with the three phase winding to the ICE is the advantage in
the electric mode. However this problem can be solved by a small lifting device of the brushes
which connects the cables of the inverter directly to the winding. This device can be
controlled by the brake on the ICE shaft or to a centrifugal coupling which becomes engaged
at zero rotational speed of the shaft.

From this discussion, the conclusion is that the rotor containing the three-phase winding
should be connected to the output shaft of the combustion engine. The advantages are reduced
mechanical stress on the end-windings and at the same time most of the potential electric
difficulties with sliprings and brushes can be eliminated. But a brush lifting device is required
in electric mode.

An inner rotor IET was one of the first alternatives considered for a prototype. A principal
sketch of such a concept is shown in Figure 4.25.

shaft
slot

stator rotor

magnet

Figure 4.25: An inner rotor design.

The outer rotor which contains the winding, is constructed of laminated iron which is not as
rigid as solid steel. This could cause problems due to the large radius and high rotational
speeds. The end-windings are rotating at a large radius, compared to an outer rotor design, i.e.
more bandaging will be required which will deteriorate the cooling. The magnets are mounted
below the rotor surface to eliminate the bandaging. Furthermore the connection of the
conductors from the sliprings to the winding is complex due to the larger radius. Mounting the
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sliprings on the back of the outer rotor is not possible due to the high peripheral speed. The
main disadvantage was the size of the inner rotor machine - it was simply too big. To limit the
size, and maintaining the radial flux concept, an outer rotor machine design was proposed see
Figure 4.26 below.

outer
rotor

shaft

lamination

magnet

slot

Figure 4.26: 

The outer rotor PM-machine design in [8] had 15 percent smaller outer diameter than the
inner rotor design. However this reduction in the outer diameter was not fully realised in the
prototype due to the requirement of an increased slot area.

An outer rotor design also gives several advantages as flux concentration since the radius is
decreasing from the rotor to the "stator". The outer rotor can be made up of a solid steel
cylinder as the fundamental flux in the rotor core is constant. The solid steel cylinder allows a
substantially higher rotational speed than a laminated rotor with the same dimensions due to
its higher tensile strength. The surface mounted magnets of an outer rotor machine require no
bandage since the centrifugal forces press the magnets to the inner surface of the tube. Gluing
the magnets is therefore sufficient. There is also no magnet flux leakage in the iron bridges of
the inner rotor design which means less magnet cost. The centrifugal forces on the end-
windings decrease, due to the smaller radius, consequently reducing the risk for damaging the
end-winding insulation. The connection between the sliprings and the windings are easier to
realise, but the direction of the centrifugal forces require slot-wedges in the slots, which is,
however, a standard procedure for DC-machines and slip-ring induction machines.
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The central shaft does not have to be made of non-magnetic steel as the currents in the
conductors from the sliprings are a symmetrical three-phase system and twined which will
give negligible eddy-current losses in the shaft.

The outer rotor concept has a larger inner rotor diameter, compared to the inner rotor concept.
However in the IET both the core containing the winding and the rotor with the magnets are
rotating, which means that the number of surfaces moving for the two concepts are the same.
This should give approximately equal air friction losses. But the surface of a solid steel
cylinder can be made smoother than a laminated core, which could decrease the total air
friction losses to some extent. The slot openings are more or less rotating at the same diameter
for both concepts, which gives no major change in air friction losses.

However an outer rotor design has several negative effects on the machine. The smaller
diameter where the end-windings are located, can create problems when the machine is
wound due to the risk of cracking the insulation. The main losses in PM-machines are
developed in the stator, therefore the outer rotor design will be more difficult to cool. The
inner rotor machine has a large stator surface which can easily be cooled, whereas the stator
of the outer rotor concept is inside the rotor and has a smaller cooling area. At the same time,
the heat transfer must take place across the airgap as well as the outer rotor. In [2] an air
cooled machine has cooling ducts beneath the stator slots, while in [121] the machine is
completely enclosed and the windings are cooled only by heat dissipation through the outer
rotor. In [122] a thorough study on the cooling of a designed highly utilised 22 MW PM-
generator is given. Air cooling was insufficient, instead cold plates are used to cool the stator
windings and the rotor magnets by spraying a cooling liquid of turbine oil. However this
approach is too costly for smaller drives. Further the bearing arrangement in outer rotor
machines is often more complex, because the conductors of the inner stator must pass axially
through the outer rotor bearings. Hence the bearing bore needs to be large and the outer race
has to be rotating. However in the IET both the stator and the rotor are rotating, which
requires the same number of bearings and the conductors must pass axially through a bearing
in both designs. There are flux and slot harmonics which could lead to non-negligible eddy
current losses in the solid steel cylinder.

The outer rotor concept has been designed for various applications such as flywheel [120],
wind generator [121] and generator for ship propulsion [122].

In  the  due to its smaller size, since volume is
a limiting factor in an engine bay. A stiff and simple outer rotor is achieved using solid steel.
The centrifugal forces on the end-windings are also much lower. The magnets can be glued
directly on the inner surface of the outer rotor requiring no bandage to retain the magnets.
Consequently, despite some negative effects, the outer rotor concept is still the preferred
choice.

The selection of the outer rotor concept, made up of a solid steel cylinder, makes it possible to
produce an inset IET-design but it requires more machining of the steel cylinder.

Conclusions of this section are that the IET should be designed as a radial flux surface
mounted PMSM having an outer rotor concept.
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The theory and the design of an integrated energy transducer are presented in Chapter 5. The
theory is based on the assumption that the IET is a permanent magnet synchronous machine,
PMSM, but it should be valid for all types of synchronous machines, except for the
differences in the production of the magnetic field in the airgap. The design is also based upon
an outer rotor design of the IET, see Figure 5.1.
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sliprings
resolver motor frame

resolver

output shaft
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air
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outer rotor

end winding

magnets

Figure 5.1: Principle sketch of an outer rotor IET.

In the following two sections (section 5.1 and 5.2) the theory for the integrated energy
transducer is presented for later use in the design procedure and the description of the control
strategy, see Chapter 8. These two sections will show that the integrated energy transducer
behaves in a similar manner to a conventional electric machine with regard to the magnetic
and electric equations.

The integrated energy transducer is made up of an inner rotor with a three phase winding and
an outer rotor with permanent magnets. The inner rotor rotates with the same angular velocity

1, as the ICE. The outer rotor, with its permanent magnets, rotates at a speed relative to the
inner rotor. The rotational speed of the outer rotor is controlled by applying a voltage in the
three phase winding which produce a field rotating either in the same or opposite direction to
the inner rotor. If the rotating field is in opposite direction the outer rotor speed will be lower
than inner rotor, see Figure 5.2. In contrast, if the rotating field is in the same direction the
outer rotor will rotate at a higher speed than the inner rotor, see Figure 5.3.

For the sake of simplicity, the IET is shown as a 2-pole machine in Figure 5.2 and Figure 5.3.
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Figure 5.2: Flux waves in the IET, 3 1. The outer rotor rotates at a lower speed than the
inner rotor. a, b and c are the three phases in the inner rotor winding.

In hybrid mode the inner rotor is driven by the ICE and rotates at speed 1, see Figure 5.2. In
this case the voltage in the three phase winding, imposed by the inverter from the battery via
the sliprings, is producing a counter rotating flux wave with an angular frequency of 3. The
outer rotor thus senses a flux wave rotating at a speed 1- 3 and hence the outer rotor will
rotate at that angular frequency.

cba
21

3

Figure 5.3: Flux waves in the IET. The outer rotor rotates at a higher speed than the inner
rotor. Observe the different phase sequences in Figure 5.2 and Figure 5.3.

In Figure 5.3 the imposed voltage from the inverter into the windings is producing a field in
the same direction as the inner rotor, with the rotational speed 3 relative to the inner rotor.
The outer rotor will then sense a flux wave rotating forward with a speed of 1+ 3, and will
therefore rotate at that angular frequency.

Figure 5.2 and Figure 5.3 describe the hybrid mode of the drive i.e. the ICE is delivering
power to the drive and the battery is either being charged or delivering power to the wheels.
In hybrid mode the torque in the IET is exactly the same, but in opposite direction, to the
torque produced by the ICE. Otherwise the inner rotor will retard or accelerate. This implies
that it is not possible to rotate the outer rotor backwards, when the inner rotor is rotating
forwards i.e. 1- 3<0. To be able to do this, the torque has to change direction and this is not
possible in a hybrid vehicle drive since the ICE can only produce torque in one direction. This
means that the torque in the IET is normally constant during hybrid operation and thus the
power from/to the battery is controlled by the rotational speed of the outer rotor, 2. If the
rotational speed is higher than the inner rotor speed, power is taken from the battery, if it is
lower the battery is charged. In electric mode the inner rotor is locked, hence the rotational
speed 1 is zero. The IET then operates as a normal PM-machine. When the inner and outer
rotor speeds are equal, the flux in the inner rotor is a DC-flux. Furthermore we have

1= 2, hence the iron losses are close to zero. Then the only power taken from the battery is
that required to cover the winding copper losses in the IET.
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For a symmetrical three-phase system with the phases  a transformation to an equivalent
two-phase  system is possible. The  system refers to the stator which contains the
three-phase winding see Figure 5.4.
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Figure 5.4: The three-phase system relation to the -  system

For synchronous machines it is more convenient to use a rotor oriented coordinate system. For
a conventional PM-machine the well established dq-system or the Park-transformation [76],
[77] is rotating with the rotor as illustrated in Figure 5.5. The d-axis is the axis along the
magnetisation of the rotor, i.e. in the direction of a magnet pole producing positive flux, while
the q-axis is electrically 90  ahead in the direction of positive rotation i.e. between two
magnet poles.
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Figure 5.5: dq-system of a conventional PM-machine

The transformation of the three-phase currents to dq quantities becomes
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where  is the rotor angle in radians see Figure 5.5. The inverse transformation is
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These transformations are valid not only for currents, but also for other quantities such as
voltages. The well established dq-equations for the voltages of a conventional PM-machine,
see Appendix A for the derivation, are given by:

+= (5.3)

++=
(5.4)

where rs is the stator winding resistance. The flux linkages are given by:

+= (5.5)

= (5.6)

where Ld and Lq are the inductances in the d- and q-directions respectively which include the
leakage and magnetising components. m is the flux linkage of the permanent magnets with
the stator winding. The electromagnetic torque in dq quantities is:

( )[ ]+=
4

3
(5.7)

where p is the number of poles and the remaining variables are in Volts, Ampere, Weber and
Henry. The factor 3/2 appears due to the transformation of the three phase values into d-q
values, as the transformations are made with amplitude invariance and not with power
invariance, see Appendix A.

The integrated energy transducer is in principal a conventional PM-machine with the
exception that the ‘stator’ rotates. Figure 5.6 presents the dq- and the  systems for the
integrated energy transducer. The only difference compared to a conventional PM-machine is
that the  system rotates with the inner rotor instead of remaining at standstill.

d

q

2 1 1

2

Figure 5.6: dq-system of the integrated energy transducer.

In a conventional PM-machine we only have to take into consideration the rotational speed of
the rotor, , and its position, , relative to the stator. In the IET, the situation is similar, but
here we must take into account the rotation of the ‘stator’ i.e. the inner rotor, rotating at an
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angular speed of 1. The difference is that, instead of , 2- 1 is used and hence 2- 1

replaces . The angular rotational speed of the outer rotor, with the magnets, is 2. The Park-
transformation for the three-phase currents to dq quantities becomes according to (5.1)
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and the inverse transformation (5.2) is
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The dq-equations for the IET are then according to (5.3)-(5.7);

( )+= 12 (5.10)

( )++= 12 (5.11)

                                           += (5.12)

                                           = (5.13)
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As can be seen from the equations, when 1 is set to zero (electric mode in the IET-drive) the
dq-equations become the same as for a conventional PM-machine, since the three phase
winding is then at standstill. A principle phasor diagram of a salient pole permanent magnet
integrated energy transducer is shown in Figure 5.7.
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Figure 5.7: Phasor diagram of a salient pole permanent magnet IET.

Figure 5.8 shows a two-axis dq-equivalent circuit of a permanent magnet synchronous
integrated energy transducer derived from (5.10)-(5.13). The two cross-coupling terms are
also included, represented as voltage sources, as well as the leakage Lls which are included in
the inductances Ld and Lq together with the magnetising inductances Ldm and Lqm

respectively. The leakage inductance is assumed to be equally large in both d- and q-direction
so that

+= (5.15)
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Figure 5.8: Two-axis equivalent circuit of PM integrated energy transducer.

More on modelling is described in [78], [79] for interior PM-machines and [80]-[82] for
surface mounted PM-machines.

The required lifetime of electrical machines for electric vehicles are shorter than conventional
machines as explained in section 4.2, consequently these motors should utilise their active
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material harder. The machine should then operate at high inductive and current loading. In
conventional machines, the peak airgap flux density is in the range of 0.6-1.1 T, depending on
magnet configuration, number of poles and application. Surface mounted magnets cannot
produce higher airgap flux densities than the magnet remanence flux density, Br. The
remanence flux density of modern high temperature NdFeB magnets are in the range of 1-1.2
T [117] see Figure 4.3. Buried magnets, however, can utilise flux concentration, which means
that the total magnet pole length is longer than the circumferential pole pitch of the airgap see
Figure 4.11 a) and b). Hence this design can produce airgap flux densities that are greater than
the magnet remanence flux density. The chosen concept for the IET is a surface mounted PM-
machine and in the following calculations an estimate of the IET size is given, based on the
volume constraints in section 4.1.

Figure 5.9 shows an ideal airgap flux density for surface mounted magnets.

B̂

Figure 5.9: Actual and fundamental airgap flux density for a surface mounted magnet rotor.

The fundamental of the magnet airgap flux density is [123]
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4ˆ = (5.17)

and
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where Br is the remanence flux density of the magnets at their operating temperature, assumed
to be approximately 15-20 C below the winding temperature. r is the relative permeability of
the magnets and is approximately 1.05 for NdFeB magnets and lm is the magnet thickness. e

is the effective airgap length including the effect of stator slotting

05.1= (5.19)

where Cfs is Carters factor and  is the mechanical airgap length. To be able to produce a flux
density B  in the airgap, the required magnet thickness can be calculated by combining (5.17)
and (5.18) which gives:

1
ˆ
sin4

= . (5.20)

The pole angle 2  is normally close to 120  (electrical). This is an optimum that can be
explained by studying the fundamental component of the airgap flux density and its
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contribution to the torque of the motor, and comparing this to the volume of magnets required.
An increase of 2  to 180  creates a 14 % higher airgap flux density as can be derived from
(5.17), while the magnet volume increases by 50%, which will approximately increase the
cost of the magnets by the same percentage.

The integrated energy transducer is operating at high torque most of the time and thus the
current loading is high for the same period of time. However the maximum speed is not used
for longer periods in a vehicle application as the top-speed is not the most common operating
point of a car. To maximise the efficiency over the IET lifetime, higher inductive loading
should be used as maximum iron losses occur only at top-speed. A possible peak airgap flux
density that can be achieved with reasonable magnet thickness which will limit the magnet
cost is around 0.9 T. The linear current loading cannot be chosen freely, as there are current
constraints due to the magnets. Too high current loading can permanently demagnetise the
magnets [143] and [150], therefore a minimum magnets thickness is required. The current
loading constraint is, see section 5.4.1,

( )
sin2

2

0

1
1 < (5.21)

where D is the airgap diameter, p the pole number and kw1 the winding factor see section
5.4.2. BD is the flux density in the magnet at the point where a permanent demagnetisation
occurs and ge is the magnetic airgap length

+= . (5.22)

The mechanical airgap length in PM-machines is generally between 1-3 mm, depending on its
application. To produce a high flux density in the airgap a short mechanical airgap is
preferred, however cogging (Chapter 7) and surface losses increase.

The winding temperature in Class F insulation used in a car application, could be 160 C with
a sufficient lifetime, section 4.2. The magnet temperature is then around 140 C, which means
that BD will be almost in the second quadrant see Figure 4.3. Thus in case of a short circuit
[143] at the mains, there is a risk for a permanent demagnetisation, as the airgap flux density
is forced to almost zero by the short circuit. Consequently the magnet temperature should not
be more than 120 C to minimise the risk of demagnetising the magnets during a short circuit.
This limits then the winding temperature to 140 C. By the reduction of the winding
temperature the lifetime of the insulation is increased.

The remanence flux density is Br=1.05 T at 120 C see Figure 4.3. The required magnet
thickness (5.20) to produce a peak airgap flux density of 0.9 T, with 1 mm mechanical airgap
and =60  is lm=4.0 mm. This is, however, calculated assuming negligible saturation effects
and magnet flux leakage. In section 5.6 an improved method of calculating the airgap flux
density is presented.

The fundamental rms current loading in electric machines varies between 20-35 kA/m
depending on its cooling e.g. air or liquid cooling. The IET prototype is intended to be cooled
by forced air-cooling, where the cooling air flow is directly through the airgap and not on the
outer periphery of the IET. Therefore a rms current loading of 29 kA/m is used as a starting
value for the initial design.
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The approximate IET size can be determined from the required torque. The torque of an
electric machine (4.33) can be calculated from the rms values of the airgap flux density and
current loading by the following expression

1
22= . (4.33)

The end-windings, sliprings and resolvers require axial space, so that the active core length of
the IET cannot be more than 100 mm, as the total axial length can be approximately 200 mm,
section 4.1. The airgap radius r can then be estimated by

12
= . (5.23)

The required rated torque of the IET is 95 Nm, B =0.636 T, S1=29 kA, L=100 mm. The rotor
radius then becomes r=90 mm. Thus the radial space available for the outer rotor is then only
60 mm.

The maximum possible rms current loading (5.21) then becomes with Bm=0.82 T, BD=-0.5 T

11 1875<  [kA/m] (5.24)

which is not a problem since pkw1>1 and rated S1=29kA/m.

The conclusions from the above analysis are that the dimensions of a surface mounted PM-
IET, intended for a mid-sized hybrid electric car should be 100 mm axial core length, airgap
radius of 90 mm and roughly 4 mm thick magnets. The IET should have a peak airgap flux
density of 0.9 T and a rms current loading of 29 kA/m.

When designing a part of a complex system with components having different characteristics,
it is important to design each component with care in order to reach maximum performance
and efficiency of the complete system. Design engineers tend to optimise only their own
components instead of optimising the complete system. The design of the integrated energy
transducer should however, be optimised to give the best efficiency of the complete drive and
not the best efficiency for the IET itself. A combustion engine has its best operation at low
speeds and high torque where the efficiency could be 0.35 for a small diesel engine. The best
efficiency of the CVT is likewise at high torque and low speed, but above 0.90. The worst
efficiency for ICE and CVT is below 0.1 at high speed and low torque.

In comparison, a low efficient electric machine has an efficiency around 0.6 whereas a high
efficient electric machine has 0.98 in efficiency. To design a light weight (i.e. high speed),
high efficient electric machine would be a disaster for the drive, since the system efficiency is
determined by

= . (5.25)

Thus a high efficient high speed machine of 0.98 gives a poor efficiency of the drive of 0.01.
Instead a bad heavy (low speed) electric machine with an efficiency of 0.6 gives a drive
efficiency of 0.19. Electric equipment such as inverters and electric machines should adapt
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their design to the requirements of complex mechanical components, which tend to have
substantially inferior efficiency.

The electric and magnetic design of the IET is the same as that of a conventional PM-
machine, the mechanical design is however more complex. The axial length of the IET is
limited, due to the limiting space in the engine bay of a car. The depth in the engine bay is not
limited to the same extent and therefore the diameter of the IET can be chosen more freely.
The first IET prototype was designed for minimum volume for a required torque capability
and not maximum efficiency.

The pole number is one of the most important parameters and must therefore be chosen with
care. The pole number influences the fundamental frequency of the machine hence the iron
losses and inverter switching frequency. The switching frequency should be in the range of
20-25 times the fundamental frequency in order to achieve a smooth sinusoidal current.
Furthermore it effects the magnetic leakage, demagnetisation, magnet size, cogging torque,
torque production, copper losses and the total volume and weight of the machine.

For a conventional inner rotor machine with a given inner stator bore diameter D, core length

L, pole pitch p and fundamental peak airgap flux density ˆ , the peak airgap flux ˆ can be

calculated as

ˆ2ˆ2ˆ2ˆ === (5.26)

where p is number of poles. The flux in the stator back ˆ is half of that in the airgap, if the

leakage flux is neglected:

ˆˆ = . (5.27)

For a fixed acceptable flux density in the stator back Bcore,max, the height of the stator back is

maxcore,

back

B

ˆ
= . (5.28)

Comparing the required stator back thickness for different pole numbers gives
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Thus, the stator back thickness of a 12 pole machine is 33 percent lower than that of an eight
pole design.

The reduction of the outer core back of an IET, implies that a larger rotor radius can be used
for the 12 pole design and correspondingly an even greater increase in torque can be achieved
as the torque is proportional to the square of the rotor radius assuming constant airgap flux
density and current loading. The positive effect of an outer rotor design is that the stator slots
can be designed with a larger area i.e. wider slots. For smaller rotor radius, deep slots are
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difficult to realise, as the circumferential dimensions decrease when the slots become deeper,
see Figure 4.26, section 4.8.

A reduction of the required stator back height, reduces the risk of the fundamental flux
entering the central shaft and generating excessive eddy current losses in the solid steel
structure. Furthermore the space in the inner rotor back that is not needed for conducting flux,
can be used to accommodate cooling ducts, as outer rotor PM-machines have the main losses
deepest inside of the machine which could lead to cooling difficulties. However an increasing
pole number increases the frequency and thus the iron core losses per kilogram of stator iron
will also increase. On the other hand the stator mass is reduced, which to some extent
compensates for the increasing loss per kilogram.

The effect the number of poles has on the axial length of the end-windings of a small three-
phase machine with a concentric mush winding as shown in Figure 5.10 can be approximated
by
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(5.30)
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where s is the slotpitch, q the number of slots per pole per phase.

a a b b c c

R2
R1

L

stator

s

Figure 5.10: The end-windings of a concentric mush-winding with q=2.

The general approximated expression to calculate the end-winding radius, Rq, for smaller
machines with a concentric mush-winding becomes

( ) =+=
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3

5

3

123
. (5.32)

The total winding length can then be estimated as



Chapter 5 Integrated Energy Transducer theory and design

92

+=+=
== 1

2

1 3

2

3

5
2

2
3 (5.33)

where L is the axial core length, Q total number of slots and ns number of conductors per slot.
For outer rotor machines, the diameter to the slot bottom should be used instead of the airgap
radius. The main error in the above estimation is that in a practical end-winding, the coil does
not bend immediately at the end of the stator core, as is assumed in the derivation of (5.32),
but instead sticks out axially a few millimeters before the bend is effectuated.

Comparing the axial end-winding length R1 of an 8 pole machine to a 12 pole machine, the
ratio of this length is approximately:
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12,1 ==
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= . (5.34)

This value will in practise in conventional inner rotor machines, be slightly lower as the
diameter where the slots are placed is slightly less for the eight pole machine due to the longer
stator back thickness. The estimated IET airgap diameter of 180 mm given in section 4.2
means that the 12 pole design and q=1 will have R1=48 mm. Thus the end-windings have
almost the same axial length as the active core length of the machine. Consequently a large
quantity of the copper losses in the IET are concentrated in the end-windings, which is why
they should be limited. The end-winding losses do not, however, impose cooling difficulties
as good cooling is achieved by the rotation, at least in the hybrid mode. However, at the larger
diameter, the end-windings do not have to exactly follow a circular shape as it has to do at a
smaller diameter i.e. the end-windings could be made more flatter. A reduced length of the
end-windings could significantly reduce the copper losses in a machine. For an outer rotor
machine, the diameter at the bottom of the slot, is smaller than the diameter at the top of the
slot. It is the opposite for the inner rotor machine. This implies that if slots are deep, it will be
more difficult to make R1 as short as it would have been if the slots were not deep. This was
the case when the IET prototype was wound. The axial length of the end-windings was made
too short for the amount of copper in the slots. This resulted in insulation cracks in the corners
and consequently short-circuits between the winding turns. The winding was thereafter
modified with more flexible copper wires and slightly less copper area.

Influence of overload capability

Short circuit which is field weakening condition, is not as dangerous for modern high
temperature magnets (NdFeB or SmCo) compared to high overload operation below base
speed. At overload the trailing edge can be exposed for a reverse field which could be greater
than BD as the current is only limited by the current capability of the inverter. In field
weakening or short circuit, the airgap flux density should be greater than or zero i.e. above BD

assuming that BD is in third quadrant and thus negative, if the temperature is below 140 C. In
larger machines, however, short circuit transients can be severe for the magnets [143].

The risk of demagnetising the magnets by the stator currents decreases with increasing pole
number which makes it advantageous to use a large pole number in applications demanding
high overload capability. The reversing fields produced by the stator currents, especially
important at overload operation, must never exceed the demagnetisation knee (BD,HD) on the
linear part of the magnets demagnetisation curve Figure 5.11.
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HD

Br

Figure 5.11: Demagnetisation curve for a typical NdFeB magnet

The knee is temperature dependent (it moves up into the second quadrant when the
temperature increases see Figure 4.3), thus the demagnetisation curve for the maximum
expected temperature of the magnets must be used in the design for their protection. To
simplify the analysis of demagnetisation, the iron reluctance is neglected. The stator current Is

in a three-phase machine can produce a sinusoidal peak flux density in the airgap wB̂ of
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when acting alone, where ,1ˆ  is the peak stator mmf from one phase, kw1 is the winding
factor of the fundamental flux, ns is the number of conductors per slot and Is is the rms value
of the phase current. For a given machine geometry the airgap flux density produced by the
magnets and the stator current loading is constant due to constant torque production at
constant voltage and losses. The fundamental rms value of the sinusoidal current loading is

3
1 = . (5.36)

The airgap flux density produced by the stator currents can be expressed as a function of the
current loading
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2

6ˆ == . (5.37)

Figure 5.12 a) shows the ideal magnet flux density in the airgap while b) shows the stator
mmf, leading the magnet flux by 90  electrical degrees i.e. only a quadrature current is
assumed. Figure 5.12 c) shows the resultant airgap flux density Bg, assuming that the flux
density in the airgap is limited by saturation in the stator teeth to a value of Bsat. The dashed
line in c) indicates the unsaturated case. The risk of demagnetisation as can be seen in Figure
5.12 c) is at the trailing edge of the magnet.
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Figure 5.12: a) Magnet flux density, b) stator mmf and produced flux density c) total airgap
flux density. The dashed line indicates the flux density level if there is no stator
saturation.

In surface mounted PM-machines, the stator mmf leads the flux density by =90  for
maximum torque production. The maximum value of reversing flux density, caused by the
stator currents, that occurs within the magnet span is

sinˆ (5.38)

as can be derived from Figure 5.12. The limit for the airgap flux density wB̂  is for =90 ,

<sinˆ (5.39)

where BD is used with the sign i.e. it could be in third or second quadrant depending on
temperature and material. The maximum allowable stator current loading is obtained by
combining (5.37) and (5.39):
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1 < . (5.40)

As can be seen from the above expression the maximum current loading (phase current) is
proportional to the number of poles, p. Consequently, the higher the pole number of a PM-
machine, the higher is the overload torque that can be produced without demagnetising the
magnets. Compare this to an induction machine with a high pole number where the power
factor decreases as a larger magnetising current is required to produce the same airgap flux
density. However maximum torque is also dependent on voltage limitations and the level of
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stator saturation. Saturation is, however, more pronounced in salient pole PM-machines where
it can already occur below rated current depending on the level of saliency [127].

Other considerations

For a given stator geometry, it is more likely that cogging increases with the pole number see
Figure 5.13 as cogging is generated at the magnet edges [144]. The subject of cogging is more
thoroughly treated in Chapter 7.

stator

rotor

magnet
cogging
occurs

a) b)

Figure 5.13: a) One pole creates cogging forces at two edges b) The pole is divided in 3
parts consequently there are six edges cogging forces can be created.

The magnet flux leakage increases for higher pole numbers as there are more free edges as
shown in Figure 5.13. This requires slightly more magnet material, but this should not effect
the magnet cost significantly. However a higher pole number generally leads to more
magnetic pieces to handle in the manufacturing process. This will increase the risk of
handling errors, especially if the magnets are mounted by hand.

The efficiency of the machine is clearly dependent on the pole number as both copper losses
(shorter end-windings) and iron losses (fundamental frequency) are effected. For a given
maximum frame size, an inverter driven air-cooled PM-machine (99Nm, 1500 rpm) the
highest efficiency was reached for a pole number of twelve [112]. Even a 16 pole design had
higher efficiency than an eight pole machine. The efficiency of lower pole numbers became
low because of the smaller airgap radius, since the outer stator diameter and length were
limited, resulting in a high current loading for the required torque. In [69] it is stated that if a
high efficiency is required for PM-machines with a given overall frame size, the optimum
number of poles is frequently in the range 8-12. The design conditions imposed on the
integrated energy transducer are basically the same.

Chosen number of poles

The conclusion on the selection of pole number, for the IET is that a high pole number is to be
preferred. The end-windings in the IET are subjected for centrifugal forces and should
therefore be short. Cooling ducts could be placed below the slots in the inner rotor to improve
the cooling, the flux path in the inner rotor back becomes shorter i.e. less risk for induced
eddy-currents in the central solid steel shaft. The torque production increases since the airgap
diameter can be increased, this gives more space for the slots containing the winding, i.e.
more copper. The overload capability increases, however, the short circuit current increases
but this is more an inverter selection problem, than a machine design problem. (The end-
windings are bandaged which limit the mechanical problems of a short-circuit and the thermal
effects are limited as the short circuit time is short. Furthermore the inner rotor can be
released as explained in section 3.3, limiting the transients). The most important are that the
size and weight can be reduced with a high pole number. Based upon previous work [69] and
[112] a pole number of 12 seems to be a good trade off between efficiency and size, where the
latter and torque production are favoured in the IET design.
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The selection of number of slots is normally a question of optimisation of teeth losses,
reduction of space harmonics, available space and often within a motor manufacturing
company, there are already standard stator geometries which are preferably used to keep the
manufacturing costs as low as possible. Delta connected windings in PM-machines should be
used with care as third-harmonics originating from the magnets will induce circulating
currents. However a proper choice of the magnet width i.e. magnet pole angle 2 , can
eliminate the third harmonics. By Fourier analysis of the flux density distribution in Figure
5.12 a) the fundamental flux density and its harmonics can be determined by

( ) ( )sin
14

cos
4ˆ

)(, == (5.41)

for n=1,3,5,7,9,….Consequently the fundamental peak magnet flux density is

( ) sin
4ˆ

1, = (5.42)

and the third harmonic
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)3(, = . (5.43)

The third harmonic and its multiples can be cancelled by selecting the magnet pole angle  as

3
60 == (5.44)

which is made in delta connected BLDC-machines [75].

Parallel connected windings should also be used with care as circulating currents could be
induced [139]. Therefore a  

, thereby  can be chosen independently of the cancellation of the third
harmonics.

Induced flux harmonics can be eliminated by a short pitch of the winding. The induced rms
phase voltage in a winding is

22
1== (5.45)

where s is the stator flux linkage,  is the airgap flux, Ns the number of stator winding
turns and kw1 is the winding factor of the fundamental. The winding factor takes into
consideration the discrete placing of the winding in slots by the winding distribution factor,
ku1, the skewing of the magnets or the winding by the skew factor kskew1 and the pitch of the
coils by the pitch factor kp1. The winding factor thus becomes

1111 = . (5.46)

The distribution factor can be calculated as [148]
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where s is the electrical angle between two stator slots

3
= (5.48)

for a three phase machine. The coil pitch factor is [148]

=
2

cos1 (5.49)

if the coil pitch is shortened by an electrical angle of p. For a full coil pitch kp1=1. The skew
factor for a continuous skew of one slot pitch is

6

6
sin

1 = . (5.50)

Methods of skewing permanent magnet machines are discussed in Chapter 7, as continuous
skew is not commonly used in PM-machines.

Table 5.1 below gives the values of the distribution factor ku for different harmonics, n and
slots per pole and phase q. Instead of using s in (5.47) a factor n s is used where n is the
order of the harmonic.

 q    n 1 3 5 7 9 11 13

2 0.965 0.707 0.259 0.259 0.707 0.965 0.965

3 0.960 0.667 0.218 0.177 0.333 0.178 0.218

4 0.958 0.653 0.205 0.157 0.271 0.126 0.126

Table 5.1: Distribution factor values for different harmonics.

Table 5.2 gives the values of the coil pitch factor for different harmonics and q values. For a
three-phase machine with q=2 a full coil pitch is equal to 6 slot pitches. Shortening the coil
pitch by one slot gives a coil pitch of 5. Instead of using p in (5.49) a factor n p  is used
where n is the order of the harmonic.
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q coil
pitch

n 1 5 7 11 13

2 6 1 1 1 1 1

5 0.9659 0.2588 0.2588 0.9659 0.9659

4 0.8660 0.8660 0.8660 0.8660 0.8660

3 9 1 1 1 1 1

8 0.9848 0.6428 0.3420 0.3420 0.6428

7 0.9397 0.1736 0.7660 0.7660 0.1736

6 0.8660 0.8660 0.8660 0.8660 0.8660

Table 5.2: Coil pitch factor values for different harmonics and pitches.

From Table 5.1 and Table 5.2, it can clearly be seen that the reduction of the fundamental is
not pronounced, but the harmonics are reduced significantly with some exceptions. Increasing
the number of slots per pole and phase improves the sinusoidal distribution of the winding
thus improving the flux and mmf wave forms. In [142], it is recommended that PM-machines
should use q=2 or a higher value in order to obtain an acceptable sinusoidal flux linkage and
mmf waveform. However if a full coil pitch is used and q=1 the magnet flux linkage of the
fundamental and consequently the torque is 3.4 percent higher than a machine with q=2.

The total number of slots i.e. Q=3qp in smaller machines cannot be chosen freely as it is
limited by the stator airgap diameter and number of poles. The width of the stator teeth cannot
be extremely thin. The tooth must have a reasonable mechanical strength so that it can
withstand punching or any kind of mechanical stress on the iron lamination. A minimum
width of the stator teeth, wtooth, has been suggested to be 4 mm [142]. In general, the possible
number of slots can be calculated by

+
== 2

3  (5.51)

where r is the airgap radius of the machine. With the IET airgap radius of 90 mm, a pole
number p=12, tooth and slot width, wslot, are often equal and using the suggested minimum
teeth width of 4 mm give q=1.96. However in the IET, the winding is rotating and thus
subjects the stator teeth to higher and different forces than in conventional machines.
Therefore the stator width of the teeth must be more than 4 mm, which further limits the
possibility of using high values of q. In order to maximise the torque production with the
available volume and to avoid the risk of mechanical failure, q=1 is preferred. Fractional slot
windings are, however, also a possibility but they are not considered in this thesis.

The selection of the number of turns in the winding depends on available voltage and airgap
flux density. The torque production is maximised when a high level of magnetisation is used.
This also gives a high power factor and a large back emf, E. Thus, the number of turns should
be selected so that the back-emf, which is produced by the magnets, is close to the available
phase voltage. However the voltage drop over the machine inductance, Figure 4.14, limits E
to a value that is lower than the available phase voltage. The available fundamental rms line-
line voltage Ul-l from the inverter with pulse width modulation, PWM, is [149]
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3 == (5.52)

where Ubat is the battery voltage. The number of possible turns can then be calculated by
using (5.45). The number of turns per phase is also given by

2
= (5.53)

where ns is the number of conductors per slot and assuming there are no parallel connections.
The airgap flux is

ˆ42ˆ2 == (5.54)

where r is the airgap radius. Consequently the number of conductors in each slot, according to
(5.45), is given by

ˆ6ˆ2
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The projected IET has series connected coils, q=1, kw1=1, r=90 mm, L=100 mm, ˆ =0.9 T,

p=12 and a battery voltage of 250 V. The frequency is set by the number of poles and the
requirement on the IET given in Chapter 3, Table 3.3, that the rotational speed difference
between the two rotors is 2000 rpm. This gives a frequency of 200 Hz. Equation (5.55) then
gives a number of 6.14 conductors per slot or 36.82 turns per phase. However only natural
numbers are possible thus 6 turns is chosen.

: The small airgap radius of the IET limits the possible number of slots in the IET
for mechanical reasons. The number of slots per pole per phase  even
though the harmonic content becomes high, as the torque production increases. 

 are preferred in order to avoid
circulating currents in parallel and delta connected windings. The number of conductors per
slot  is chosen to 6, in order to have a high induced back-emf to improve the power factor
and torque production.

The machine design is an iterative process where rough analytical parameter calculation is
important. The more important parameters to calculate are the following inductances, Ld, Lq,
leakage inductances from end-windings and slot leakage. The required magnet thickness, lm,
to produce a magnet airgap flux density of ˆ  has previously been calculated in section 5.3 to

be

1
ˆ
sin4

= . (5.20)

The d-axis inductance for a non-salient pole surface mounted PM-machine can be calculated,
if iron saturation is neglected, by



Chapter 5 Integrated Energy Transducer theory and design

100

ˆ

2ˆ
2

ˆ

ˆ

ˆ

ˆ .,1
, === . (5.56)

The airgap flux density produced by the currents in the d-direction is
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Combining (5.56) and (5.57) we can write

2

)(

2
2

4

2

3

ˆ
2

1

1

+
=

(5.58)

and 2ˆ =  gives the inductance in the d-direction
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where r is the airgap diameter. The same expression except for the airgap length, has been
presented for wound field non-salient pole synchronous machines [148] and a similar
expression in [150] for surface mounted PM-machines. In the same manner the q-axis
inductance can be calculated except that, in non-salient constructions the magnet is replaced
by air in the q-axis giving:
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The derived expressions are not valid for salient pole machines, not even for inset PM-
machines as the saturation and leakage are more pronounced in these type of machines.
Inductance calculation for inset PM-machines has been investigated in [139].

Slot-leakage and end-winding leakage inductances have been investigated in [150] for PM-
machines, the leakage inductance for interior PM-machines in [151], the leakage inductance
in induction machines in [152], the end-winding leakage inductance in induction machines in
[153] and [154]. The slot and end-winding leakage calculation methods are, however,
empirical approximations.

A common used formula for the calculations of the slot leakage for stators with open slots, see
Figure 5.14 below, without coil pitch is [148]

2
0= (5.61)

for series connected coils. ns is the number of conductors per slot and s is for open-slots

21

3
+= (5.62)

where the second term is sometimes not used.
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Figure 5.14: Slot shape to calculate the slot leakage inductance.

From (5.61) it can be seen that deep and thin slots increase the slot leakage. The slot width, a,
is the average slot width, if the slot width is not constant.

The end-winding leakage inductance in Henrys per phase, of three-phase induction machines
can be calculated by [154]

62

2

1 10716.13= (5.63)

where Rend-wind in meter, is the radius of the end-windings and can be calculated by (5.32) for
concentrical mush-windings. p is the pole number and N is the number of conductors in series
per phase or

2
=

(5.64)

for machines with a series connection of all conductors in a phase. The factor ku1 is the
distribution factor of the winding (5.47). k  is the pitch factor of the end-winding and is unity
for full pitched windings. ks is the shape factor for the individual coils. ke is a shape factor for
the assemblage of coils and km is the mutual inductance factor between the rotor cage and the
stator winding. For PM-machines it becomes 1 since there are no rotor windings. The other
factors can be approximately determined from given curves in [154].

Empirical formulas are not valid for all electrical machines and formula (5.63) is valid for
induction machines not PM-machines, especially the factor km could have an influence on the
result. To have a comparison to the empirical equation, where the flux is effected by iron in
the vicinity, the end-windings can be regarded as a ring in free air as shown in Figure 5.15.
The inductance of a ring in free air can be calculated as [155]

= 75.1
8

ln
20

(5.65)

where D is the diameter of the ring and d is the diameter of the conductor, i.e. the diameter of
all conductors together in the end-winding.
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Figure 5.15: Two end-windings put together to form a circular loop.

The total end-winding inductance of a machine with series connected conductors can be
calculated as

2
2= .

(5.66)

The total inductance in the d and q-axis respectively are

++=+=, (5.67)

++=+=, . (5.68)

The airgap flux density of surface mounted PM-machine is often calculated, as previously
made, by assuming a rectangular shaped airgap flux density as shown in Figure 5.16.

B̂

Figure 5.16: Rectangular magnetic flux density and its fundamental

As shown earlier is the peak magnet flux density Bm then calculated as

+
=

1

1 (5.69)

where the effect of stator slotting can be more accurately taken into account by [145]
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(5.70)

instead of simply using as previously Cfs=1.05. s is the slot pitch, bsl the slot opening and 
the mechanical airgap length. Equation (5.69) is only valid if the airgap surface is assumed to
be a plane surface i.e. without a curvature. Therefore this expression is not strictly valid for
radial flux machines.

In radial flux machines the airgap surface is curved and then (5.69) is an approximation,
especially for machines with a small airgap diameter. Figure 5.17 shows an airgap of an inner
rotor PM-machine, in this case the magnets are assumed to be radially magnetised.

rr

rm

rs

2

Figure 5.17: Magnetic circuit with curved airgap

The author in [146] gives a good and simple expression, and at the same time rather precise,
that takes the curvature into account when calculating the flux density at the center of the
magnetic pole. The expression is

+
=

lnln

(5.71)

where the effect of slotting can be taken into account by replacing rs by

+= (5.72)

where e is given by (5.70). This expression is simple to utilise in design optimisation
programs as it is straight forward i.e. no iterations or summations are required. However the
accuracy of (5.71) is limited by the airgap length and the rotor radius. The cases where (5.71)
are valid is investigated later on. An even more accurate analytical expression to estimate the
magnet flux density in the airgap is derived in [147]. It is also shown in [147] that a good
agreement was obtained between the finite element, FEM, calculations and the derived
expression.

The derived expression in [147] takes into account the fringing of the magnetic field and
becomes
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(5.73)

where  refers to an angle from the centre of the magnet, p is the number of poles and the
radial magnetisation Mn is given by

2

2
sin

2

0

= (5.74)

where m is the ratio of the magnet pole angle 2 , to the electric pole width i.e. 180  (electric)

180

2= . (5.75)

In Appendix D a MATLAB  program is given for calculation of the magnetic airgap flux
density given by (5.73). To take the slotting into account, rs in (5.73) is replaced by the
expression in (5.72). The magnet airgap flux in a quarter of a machine based upon (5.73) is
shown in Figure 5.18.
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Figure 5.18: Magnet flux density for a 12 pole PM-machine, lm=4 mm. Observe the round
corners, compared to the ideal dashed curve obtained from (5.69).
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As can be seen in Figure 5.18, equation (5.69) gives an overestimation of the magnet airgap
flux density, Bm=0.83 T while equation (5.73) gives Bm=0.806 T. The parameters are Br=1.05
T, lm=4.0 mm, m=0.7 (or =63 ), =1 mm, airgap radius of 90 mm (rs=90.5 mm and rr=85.5
mm) and up to 99th order harmonic is included.

For larger airgap lengths, the curvature effects the magnet airgap flux density shape
significantly. It becomes more sinusoidal with an increasing airgap as shown in Figure 5.19.
(In reality leakage contributes to smoothen the steep edges of Bm).
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Figure 5.19: Magnet airgap flux density, same values as for Figure 5.18 except the airgap
length, , is varied from 2-7 mm.

Comparison between (5.69), (5.71) and (5.73) for different stator radius are shown in Figure
5.20. The machine parameters are the same as in Figure 5.18, where r=rs is used in (5.71)
since the comparisons are performed for the max value of Bm at the stator surface.
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Figure 5.20: Airgap length 1 mm. The agreement between (5.71) dashed and (5.73) is good
down to a stator surface radius of 60 mm. The straight line represents (5.69).
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Figure 5.21: Airgap length of 3 mm and 5 mm. Worse agreement between (5.71) dashed and
(5.73) when the airgap length is increased. The straight line represents (5.69).

The assumption of a straight airgap for estimating the peak magnet airgap flux density (5.69)
is not valid for machines with a small airgap radius. For larger radius (5.71) gives a more
accurate value of Bm, but increasing airgap length and decreasing radius worsen its accuracy.
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However, as can be seen from Figure 5.21 the agreement with the more advanced method
(5.73) for the calculation of Bm is good down to a radius of 80 mm for almost all normal
airgap lengths and down to a radius of 60 mm for airgap lengths up to 3 mm.

As the magnet thickness lm cannot be explicitly solved from (5.71), instead (5.20) which is
based on plane surface airgap should be used. Bm is thereafter calculated using (5.71) or
(5.73) if necessary.

In the integrated energy transducer there are iron, copper, air friction, bearing and brush
friction as well as resistive brush losses. The main loss components are copper and iron
losses. The iron losses are more difficult to estimate due to the non-linearity of the iron.
Generally, iron loss calculations are conducted with various material constants based on
experience, measurements and correction factors. Loss measurements have been made on 0.5
mm DK 70 non-oriented iron lamination for both sinusoidal and square waved voltage
excitation in [161]. It was found that the sinusoidal voltage excitation gave higher iron losses
than the square waved (triangular flux) for the same peak flux density value. (DK 70 is a
SURA grade [160] which is equal to the EES grade EN10106, M700-50A). In general the iron
losses i.e. hysteresis and eddy-current losses, can be calculated as

( ) ( )( )
( ) ( )

2
111

ˆˆˆ
1

+=  [W/kg] (5.76)

where ( )1
ˆ  is the peak value of the fundamental flux density in the iron and fs is the electrical

stator frequency. The values of coefficients and exponents in (5.76) for 0.5 mm DK 70
lamination have been derived in [112] from measurements with sinusoidal voltage excitation
performed in [161]. The given coefficients and exponents in [112] are presented in Table 5.3.

[T] kh vh ke ve fs [Hz]

0-0.1 0.113 2.33 3.538·10-3 1.6 0-10500

0.1-0.2 0.113 2.33 2.963·10-3 1.6 0-5000

0.2-0.4 0.0723 2.06 1.193·10-3 1.7 50-2400

0.4-0.8 0.0433 1.5 6.680·10-4 1.8 50-1200

0.8-1.2 0.0442 1.58 3.887·10-4 1.9 50-800

1.2-1.5 0.0434 1.67 4.052·10-4 1.9 50-600

Table 5.3: Coefficients and exponents for equation (5.76).

The total iron losses caused by the fundamental flux in the machine can be calculated as

( ) ( ) ( )( ) ( ) ( )( )( ),11,11,1
ˆˆ += (5.77)

where ( ) ( )( ),11
ˆ  is the iron loss density given by (5.76), kstack is the stacking factor for the

iron lamination, Fe is the iron lamination density, Vteeth is the total teeth volume in the
machine and Vyoke is the volume of the yoke. The flux density in the tooth is sometimes not
constant. The tooth can then be divided in several sections where the flux density is constant.
Thereafter the iron losses can be summed up.
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The given parameters of equations (5.77) in Table 5.3, are valid for a standard motor iron
lamination. For iron laminations with a higher grade of silicon, the resistivity is higher which
contributes to the reduction of eddy-currents. This can be taken into account by the factor

,

70,
70,, = (5.78)

where r,DK70 is the known resistivity for the iron lamination in equation (5.77) and ke,DK70 is
the eddy-current loss factor for DK70 given in Table 5.3. Consequently r,new and ke,new are
the resistivity and the new eddy-current loss factor of the lamination with the higher grade of
silicon.

A higher flux density value can be taken into account by the factor

= (5.79)

where Bnew is the flux density value in the machine and Bknown the flux density value where
the losses are known. The exponent factor is vh or ve from equation (5.77).

For simplification, the hysteresis losses can be treated to be the same i.e. the correction factor
kh in Table 5.3 is constant. However iron lamination losses in rotating machines are
dependent on many properties such as punching technique, grinding, stacking factors,
insulation wear, welding of the core back, level of saturation, heat etc.. The heat, for instance,
increases the hysteresis losses as the magnetic permeability increases with temperature. At
1000 K (727 C) the increase of hysteresis losses is approximately 20 percent higher than at
normal temperatures, but eddy-current losses decreases as the resistivity increases. Usually
these two phenomena counteracts each other in normal operating machine-temperatures. More
on iron and copper losses in electrical machines can be found in [162].

Copper losses in the three-phase winding are treated as normal ohmic losses which can be
calculated as

2
,= (5.80)

where Lwinding is the total winding length, JCu the current density, Cu the copper resistivity and
ACu,wire the copper area of the conductor used in the winding. In (5.33) the total winding
length Lwinding of a concentric mush-winding, which is often used in smaller machines, is
given. The total copper winding losses can be calculated as
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=+=
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(5.81)

where ACu,slot is the total copper area in a slot, Q the total number of slots, L the axial length
of the core, p the number of poles and D the airgap diameter. For inner rotor motors the
diameter to the slot bottom from the centre of the shaft should be used instead of the airgap
diameter. The copper resistivity Cu increases with temperature and can be calculated as
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( )( )38 109.32011072.1 +=  [ m] (5.82)

where TCu is the operating temperature of the copper in degrees Centigrade [ C].

Friction losses in the integrated energy transducer are caused by bearing, brush and air
friction. An estimate of the losses is useful to be able to eliminate a possible loss source, as air
friction losses in the IET arises both in the inner and the outer rotor. However, as the
prototype IET is not operated at high speeds, the air friction losses should not be so high.

The power loss arising from a rotating cylindrical surface in air is [163]

43

2

1= (5.83)

where air=1.273 kg/m3 or 12.5 N/m3 is the density of air [164],  the angular speed, r the
cylinder radius and L the length of the cylinder. CM is the torque coefficient which is
dependent on geometrical dimensions of the cylinder, the air flow and the composition of air.
The air flow can be either laminar or turbulent i.e. if the surface of the rotor rotates enclosed
by another surface or in free air. Turbulent flow gives a higher value of CM resulting in higher
friction losses. In [163] it is stated that rotation in free air is when the radial airgap length to
the enclosing surface is larger than the radius of the rotating cylindrical surface i.e.

1> . (5.84)

This is not the case for the integrated energy transducer, thus the rotor surfaces should be
regarded as enclosed. The torque coefficient can then be determined from the Couette
Reynolds number

,

Re = (5.85)

where v,air=2.0·10-5 Ns/m2 is the dynamic viscosity of air [164]. For the IET and =1 mm, the
Couette Reynolds number for different radius and rotational speeds are given in Table 5.4.

2000 rpm 6000 rpm

 r=0.09 m Re =11.8·103 Re =35.3·103

 r=0.15 m Re =19.6·103 Re =58.9·103

Table 5.4: Couette Reynolds number for the IET

According to [163], if the Couette Reynolds number is 5·102<Re <104 the torque coefficient
CM is determined to

3.0

5.0Re

03.1= (5.86)

from measurements conducted on rotating smooth surfaces. However, the measurements of
enclosed surfaces are only guaranteed for relative airgap lengths of 0.07<( /r)<1, but still the
value of Cm in (5.86) should give a good approximation. (The relative airgap length of the IET
will be in the range of 0.01). The air friction losses can be calculated by combining (5.83) and
(5.86):
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3.0

5.0

43

Re2

03.1
= (5.87)

where the Couette Reynolds number is given by (5.85). However the torque coefficient and
Reynolds number are only valid for smooth rotating surfaces. In [163], 40 percent higher
losses were measured than calculated on machines with slotted stators.

Friction losses caused by the brushes are dealt in section 6.3. The brush friction losses can be
calculated as

= (6.1)

where

Pbf brush friction losses in W

Ab total brush surface area in cm2

pb pressure on the brush in N/cm2 (1 N/cm2=10kPa)

v peripheral speed of the slipring in m/s

fr coefficient of the friction.

The resistivity losses in brushes and sliprings are hard to predict as are discussed in section
6.3, where measurements are presented on friction losses. Friction losses in the bearings are
not considered.
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Previous chapters have determined the machine type and estimated the parameters of an
integrated energy transducer for a small to medium sized hybrid electric car. The design of the
IET is not focused on efficiency optimisation, more on torque density. The IET should be
constructed as an outer rotor PM-machine with surface mounted magnets to minimise its size.
The estimated parameters are:

• axial length of the iron core 100 mm

• airgap radius 90 mm

• axial length of the end-winding 48 mm

• total axial length excluding sliprings and
resolvers 196 mm

• magnet thickness 4 mm

• airgap length 1 mm

• number of slots 36, q=1

• star connected winding

• full pitch winding, no skew, kw1=1

• number of winding turns per slot ns=6

• Ld=0.160 mH/phase

• Lq=0.154 mH/phase

• frequency 200 Hz

• pole number 12

• peak airgap flux density 0.9 T

• rms phase back-emf 86 V

• stator current 79 A (rms) (S=29 kA/m)

• rated torque 95 Nm, 140 Nm peak

• speed difference between the rotors 2000
rpm

These parameters are later used for finite element, FEM, analyses to determine the IET
dimensions and to perform more precise calculations of the parameters for simulations.
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A prototype integrated energy transducer was built to enable experimental investigations of
the double rotor concept. The focus of the tests was mainly to investigate and prove the
controllability, performance, heat distribution, cooling and efficiency of the IET. As
mentioned earlier the designed IET was not optimised on efficiency more on the possibility to
produce a compact machine for further investigations. The prototype integrated energy
transducer is a non-standard motor consequently the manufacturing of the prototype was
mostly done starting from the basic materials. ABB Corporate Research, V ster s, Sweden
kindly supported the project by manufacturing the integrated energy transducer prototype in
their workshop.

The final design of the integrated energy transducer prototype is based upon the estimated
calculations performed in the previous chapters. For the thermal evaluation, flux densities in
the airgap, teeth and stator back and the current density in the copper were compared with a
similar sized induction machine. It was shown that the losses produced in the iron and the
windings could be sufficiently cooled by forced air-cooling. The main copper losses are in the
end-windings as explained in section 5.4.1, which simplifies the cooling of the copper losses.
Thermal modelling of the design was hence not an issue.

The design process is however an iterative process and the estimated parameters in section 5.8
are used as data for finite element calculations. In [123], a design procedure for surface
mounted PM-machines is presented and could be used in the design process. However there
were some corrections to the estimated parameters due to saturation effects in the iron
lamination and leakage.
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The data of the prototype machine after FEM optimisation and manufacturing consideration
became:

• rated power Pn=19.9 kW

• rated torque Tn=95 Nm

• line-line voltage Ul-l=140 V

• rms phase current Is=83.7 A

• power factor at

rated power 0.95

• inner rotor core length L=95 mm

• inner rotor radius rin =90 mm

• outer rotor radius rout=112.6 mm

• outer rotor back

thickness (solid steel) hb,out 15 mm

• airgap length =1 mm

• fundamental airgap

flux density )1(
ˆ =0.91 T

• iron lamination CK33, 0.5 mm

• number of poles 12

• number of stator slots 36

• number of slots per

pole and phase q=1

• NdFeB magnets VACODYM

400 HR

• magnet thickness lm=6.5 mm

• magnet pole angle =63  (electric)

• magnet per pole 6 pieces

• axial length of

one end-winding 36 mm

• fundamental

frequency f=200 Hz

• resistance (20 C) 24.3 m /phase

• resistance incl. sliprings

at standstill 38.5 m /phase

• shaft height 130 mm

• outer diameter

without feet 240 mm

• total length including

couplings 650 mm

• weight iron lamination 11.25 kg

• weight copper 4.0 kg

• active weight

outer rotor (95 mm) 7.2 kg

• magnet weight 1.9 kg

• total prototype weight 69 kg

The prototype was not intended to be mounted into a vehicle, therefore an outer frame with
feet has been constructed see Figure 6.1. The integrated energy transducer prototype is
constructed of several parts. In Figure 6.2, the main components of the IET are shown.
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Figure 6.1: Integrated energy transducer prototype

The components shown in Figure 6.2 are the inner rotor 1, outer rotor 2, sliprings 3, brush
holder 4, frame 5, output shaft 6, end-shield on the slipring side 7 (where the inside is shown),
end-shield on the CVT side 8, air inlet box 9 and threaded screws 10. Resolvers, bearings, two
brush holders and one end-plate of the outer rotor are not in the figure.

Figure 6.2: IET prototype parts.

Since the IET is mounted on a test bench, the prototype has four bearings Figure 6.3.
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Figure 6.3: A sketch of the IET prototype (dimensions in mm). The air-out let was however
changed in the final version as can be seen in Figure 6.13.

The bearings are standard ball bearings. However in a vehicle application, the number of
bearings could be reduced to two, as the input shaft can be directly mounted on the ICE
output shaft and the output shaft is mounted directly to the gearbox, thereby eliminating the
bearings for the frame. Observe, however, that the bearings between the two rotors are only
subjected to the difference in rotational speed between the two rotors. The bearings which are
mounted to the frame are however subjected to the highest speed of the outer rotor.

The frame is not subjected to any torsional forces, therefore it is constructed of a thin tube of
aluminium see Figure 6.2. The forces act only between the inner and the outer rotor. The
frame is thus only subjected to the weight of the IET, which acts through the end-plates and
the outer bearings to the frame. The end-plates are constructed of aluminium see Figure 6.4.

Figure 6.4: End-shields of the IET, with the outside shown. The spokes of the outer rotor,
with the output shaft, shows the hole where the bearing between the inner and
outer rotor is mounted.

The outer frame can be kept in place by the four long threaded screws see Figure 6.1 and
Figure 6.14. As can be seen in Figure 6.1, the feet of the IET are only four aluminium plates
directly screwed with three screws each into the end-plates. Figure 6.8 shows the output shaft
and the bearing where the frame is mounted i.e. on the end-shield. Figure 6.9 shows the outer
rotor mounted on the end-shield on the slipring side. Observe the lip for the frame and the
space between outer rotor and end shield.
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The integrated energy transducer prototype was designed for forced air cooling. The air-inlet
is a metal frame on the input shaft side see Figure 6.1. The IET frame has therefore a cut-out
on one side see Figure 6.2. On the input side, the end-plated is conical in order to direct the
air-flow into the inner part of the IET see Figure 6.5. The end-plate on the output side i.e. the
side connected to the CVT has therefore openings for the air-outlet see Figure 6.5.

Figure 6.5: End-shields view from the inside of the IET

In Figure 6.5 one can see the space for the bearings. Figure 6.4 shows the drilled holes for
mounting the resolver on the output shaft, on the end-shield on the CVT-side. The bearing
space on the output shaft where the inner rotor end is put inside the bearing is shown to the
right in Figure 6.4. The end-shield on the output shaft in Figure 6.5 shows the profile or lip
where the aluminium frame is placed. Figure 6.7 shows the drilled holes for maintaining the
bearing on the input side, compared with the sketch in Figure 6.3.

The end-plate on the input-side has a cut-out on the outside. This space is utilised for
mounting one of the resolvers see Figure 6.6, Figure 6.4 and Figure 6.14. As can be seen in
Figure 6.6, the end-plate on the slipring side is further machined to give space for the brush
holders of the sliprings see Figure 6.15.

Figure 6.6: The end-shield of the input shaft is mounted.
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The outer rotor is mounted on spokes, for the air-flow, which help to press air at one end of
the machine and suck air at the other end see Figure 6.7.

Figure 6.7: Spokes for the outer rotor. The bearing between inner and outer rotor is behind
the spokes at the ICE end see Figure 6.3.

However this effect was not achieve in the tests, a better profile of the spokes are required.
The end-sides of the outer rotor is screwed by eight screws into the solid steel outer rotor see
Figure 6.8.
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Figure 6.8: Outer rotor before the frame end-shield is put on. The bearing is between the
outer rotor and the frame.

Figure 6.9: The outer rotor at the ICE-side where the sliprings are. Observe the airgap
between outer rotor and end-shield. (It is standing on a holder).
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Figure 6.10-Figure 6.13 show the prototype from different angles. The input shaft is where the
sliprings are mounted i.e. the side which should be connected to the ICE.

Figure 6.10: View of the output shaft, where the wires from the resolver can be seen.

Figure 6.11: View of the input shaft. Wires from the resolver on the input shaft can be seen.
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Figure 6.12: Side view of the IET

Figure 6.13: Side view of the IET

The IET prototype was designed with two resolvers for control purposes. One resolver is
mounted on the input shaft and screwed into the end-plate see Figure 6.14. This resolver gives
the position of the inner rotor.

threaded screws

resolver for
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Figure 6.14: Sliprings and the resolver for the inner rotor

The outer rotor has one resolver mounted on the outside of the IET on the output shaft and
screwed into the end-plate see Figure 6.12 and Figure 6.13, consequently it will give the
position of the outer rotor.

Observe that it is not possible to get full information with only one resolver mounted between
the two rotors although this resolver can give the difference between the rotor position angles
of the two rotors, which is used to control the IET as described in section 5.2. One resolver
gives only one parameter in this case the angle outer- inner. It gives no information on the
speed. For example during an acceleration of the outer rotor the controller will not know if the
outer rotor speed is increasing i.e. outer is increasing or if the inner rotor is going slower,
which means inner is decreasing. However in a vehicle application one resolver could be
eliminated by utilising sensorless control. The resolver should then be placed on the input
shaft, because then it might be possible to utilise it for ICE control, even though the position
sensor in the ICE is mounted on the crank-shaft [156].

The used resolvers were two SMARTSYN brushless resolvers from Tamagawa Seiki Co.
[157] with the following data:

• Size 35, Model nr.TS2158N21E63

• two poles

• max operating speed 10 000 rpm

• axial length 40 mm

• outer diameter 98 mm

• weight 0.9 kg

• operating temperature -55 C to +155

However, to simplify the control implementation, it is advisable to use the same number of
poles for the resolver as that of the machine. The use of a larger pole number in the resolver
than in the machine, is not recommended as it may create problems in the control set-up.

resolver for
inner rotor

threaded
screw
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Since the integrated energy transducer has its three phase winding rotating in the inner rotor,
sliprings are required to transfer the power from the inverter. The inner rotor shaft is made
hollow, so that the three-phase connecting cables can use this space see Figure 6.2 and Figure
6.22. To limit the weight on the input shaft, brushes and brush holders were mounted under
the sliprings. Consequently the pressure from the brushes can counteract some of the slipring
weight see Figure 6.11 and Figure 6.15.

Figure 6.15: The sliprings and the brush holders.

In order to connect the inner rotor to the coupling, a piece of metal was mounted to the inner
shaft and the coupling was screwed with six bolts into this piece see Figure 6.15. Standard
AC-sliprings are used in the prototype as there was limited time and the idea with the
prototype was to prove the concept. (Data of the used sliprings and brushes are given last in
this section). Furthermore the sliprings available from the manufacturer at that time with a
reasonable weight, size and current capability were sliprings with a maximum speed of 3300
rpm. Although standard sliprings which are not intended for 200 Hz and inverter switching
were used, the maximum temperature at the surface of the sliprings was measured to 117 C,
but continuously operation of 120 C is possible. Moreover both brush holders and brushes in
the prototype are standard, where the brushes are made of mainly graphite. There are three
pairs of brushes in the prototype i.e. two parallel connected brushes for each phase see Figure
6.11. After some hours of operation sliprings become covered with a thin layer of graphite,
patina see Figure 6.16.

stick where the brush
holders are mounted

input
shaft

bolt
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Figure 6.16: Patina on the sliprings. Picture from a test with locked inner rotor. Compare
the colour of the sliprings with that of Figure 6.15.

The patina reduces the conducting losses in the sliprings, if the layer becomes too thick these
losses will increase. The thick layers of graphite are formed when the machine is operating
with low currents, but the layers vanish once the machine is again operating at high currents.

Concerning brushes, generally they work optimally at a current density around 10-12 A/cm2

[158]. When a lower current density is used the brush wear increases, but too high current
densities might cause damages due to over-temperatures. Consequently brushes favour a
constant high current close to the rated value, which is also the main objective in the control
of the IET-drive. Operating the IET at constant high torque is therefore also positive for the
lifetime of the brushes.

An important parameter of the brushes is the resistivity, which decreases with increasing
temperature i.e. they have a negative temperature coefficient. Consequently parallel
connected brushes could lead to accelerating erroneous current distribution [158]. Due to the
characteristic of the resistivity of the brushes, it is almost impossible to estimate the resistivity
by measuring the resistance at standstill as the contact surface between the brushes and the
sliprings depends on the rotational speed.

The measured voltage drop over the slipring and the brushes in one phase at stand still is
shown in Table 6.1. The average resistance is 23 m /phase at room temperature. However the
measurement started at a current of 10 A and was increased to 70 A. Therefore the last three
resistances should be more accurate as the brushes became warmer which reduce their
resistance.

graphite
patina

temperature
sensor
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DC-current [A] 70 63 40 35 30 25 20 15 10

Ubrush+slipring [V] 1.29 0.9 0.747 0.683 0.705 0.557 0.551 0.357 0.295

Resistance
[m /phase]

18.4 14.2 18.6 19.5 23.5 22.3 27.6 23.8 29.5

Table 6.1: Voltage drop in slipring and brushes of one phase at stand-still.

Friction losses occur between the surfaces of brushes and sliprings. Principally these losses
are easy to calculate. The problems are the variation of the pressure that the brushes apply on
the slipring surface and the coefficients of friction. However the friction losses can be
calculated by [158]

= (6.1)

where

Pbf brush friction losses in W

Ab total brush surface area in cm2

pb pressure on the brush in N/cm2 (1 N/cm2=10kPa)

v peripheral speed of the slipring in m/s and

fr friction coefficient.

The friction coefficient is dependent on the brush quality and the peripheral speed of the
sliprings. (The brush pressure varies between 1-4 N/cm2 with a normal value of 2 N/cm2).

The friction coefficient fr varies for graphite between 0.22 at 5m/s and 0.12 at 40m/s. At
around 15 m/s, fr is 0.16. Electro-graphite has fr between 0.19 at 5m/s and 0.11 at 40 m/s.
Metal has fr 0.16 at 5m/s and 0.09 at 40m/s. In [158], an approximate table is given for these
materials for a peripheral speeds between 5-40 m/s2.

The measured brush pressure in the prototype is pb=2.46 N/cm2 and the rms current density is
10.75 A/cm2. The total brush area is Av=21.6 cm2. The diameter of the sliprings is 100 mm
giving a peripheral speed of

60
1.0=  m/s (6.2)

where n is the speed in rpm. The maximum guaranteed peripheral speed of this standard
sliprings is 17.3 m/s. The limits for non-standard sliprings are higher. For a combustion
engine operating at 5000 rpm, the peripheral speed is 26.2 m/s which should be possible to
achieve with almost standard sliprings. However, the current transfer from the brushes to the
sliprings becomes worse.

Figure 6.17 shows the calculated brush friction losses Pbf in the IET prototype using equations
(6.1) and (6.2).
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Figure 6.17: Calculated brush friction losses for the prototype IET.

The friction coefficient in [158] is only given down to a speed of 1000 rpm for the IET
prototype. This is approximately a straight line up to 2000 rpm and described by

+= 04.0261,    [W/rpm] (6.3)

and from 2000-6000 rpm by

( )2000028.01062, +=    [W/rpm] (6.4)

where n is in rpm. This gives an estimate of the friction losses. For higher accuracy, more
accurate measurements must be made. The measured brush friction losses at room
temperature are shown to the left in Figure 6.18. The friction losses were measured with both
rotors rotating synchronous with and without brushes. The besides the measured brush friction
losses, total air and bearing friction losses are shown to the right in Figure 6.18.
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Figure 6.18: Measured friction losses from 200-2000 rpm.

A comment to the measured bearing losses in Figure 6.18 which are higher than estimated.
This can be due to a possibly small misalignment of the shafts. This was concluded from a
test when the rotors were rotated by hand (at the same speed) and the results were compared
with that obtained by rotating another machine with similar bearings. The friction was higher
in the IET but on the other hand, it has four bearings.

The sliprings, brush holders and brushes used in the IET are from REKOFA Wenzel GmbH &
Co [159];

Brushes

No. 304

Order No. 2516 I 10508

Identity No. 1072420

Brush material graphite

Brush length 25 mm

Brush width 16 mm

Sliprings

Order No. LS 3-100-20-30

Identity No. 1002570

Maximum AC voltage 500V

Maximum rms current 100 A

Maximum operating temp. 150 C

Continuously operating temp. 120 C

AC-voltage 3-phases

Material copper

Maximum speed 3300 rpm

Slipring diameter 100 mm

Total axial length 89 mm

Width of one slipring 20 mm
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Brush holders

No. 2516 GDD 20

Identity No. 1013122

Brush holder material brass

Connection of the brushes parallel

The inner rotor containing the winding was a more challenging part of the IET design. The
reasons are the deep slots, end-windings, cooling and a solid steel shaft. The design started
with the same airgap diameter as an inner rotor designed IET. However the required slot area
became too small and there was a risk of flux penetration in the shaft from the fundamental
flux of 200 Hz. Thus the airgap diameter had to be increased. However the axial length could
at the same time be shortened. A lamination sheet from the prototype is shown in Figure 6.19.

Figure 6.19: Iron lamination clip of the inner rotor

In Figure 6.20 the geometry of the inner rotor and the outer rotor are given.
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Figure 6.20: Inner and outer rotor dimensions in [mm], the axial length is 95 mm.

The main losses in the IET, is developed in the inner rotor as copper losses and the main iron
losses are in the inner rotor lamination. Besides that the current density was firstly selected
high, 8.2 A/mm2. Due to the end-winding problems it became even higher at the end, 8.67
A/mm2. Therefore cooling duct were placed under the slots, see Figure 6.20, Figure 6.21 and
Figure 6.22.

Figure 6.21: View from the CVT side. Later in the manufacturing process is the shaft cut-off.

cooling ducts

slot wedge



Chapter 6 IET prototype

130

Figure 6.22: View from the ICE-side of the inner rotor.

A low pole number would have made it impossible to have the cooling ducts. The use of a
high pole number made the flux path of the fundamental flux shorter in the back of the inner
rotor and FEM analyses showed that no fundamental flux was passing through the shaft, not
even at full load see Figure 6.23. Consequently the central shaft could be made of solid steel.
The shaft diameter under the rotor iron core is 60 mm.

Figure 6.23: 

The three phase cables from the sliprings to the winding, are close to each other and since it is
a symmetrical three phase system the total field becomes close to zero. During the test of the
IET no heating of the shaft could be observed from the cables.

The peak airgap flux density in the IET is 0.92 T at full load. This implies that the teeth
should be wider than the slots. The peak flux density from FEM calculations, in the teeth
become 1.5 T at the top 1.68 T in the middle and 1.75 T at the bottom. The flux density in the
back of the inner rotor is 1.2 T close to the slot, 0.5 T in the middle and 0.2 T close to the top
of the cooling ducts. Consequently the iron losses in the teeth are high. Actually the main iron
losses are concentrated in the teeth, see section 6.7. In order to reduce the eddy current losses,
an iron lamination with a higher silicon contents than standard iron lamination was used with

shaft
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a thickness of 0.5 mm. The used lamination is SURA GRADE CK 33 [160] or according to
EES grade EN10106 M330-50A or IEC standard 404-8-4, 330-50A5.

The lamination sheets were laser cut and therefore in the design process and FEM-analyses,
all corners were rounded with a radius of 0.5 mm. The reason to have the round corners is to
avoid the laser to stop and start during the cutting operation. This must be done if there are
perpendicular corners. The start and stop of the laser will damage the iron properties more
than a continuously motion of the laser beam. Furthermore when the lamination was laser cut
0.2 mm was added on the radius of the inner rotor lamination. This was made to insure a high
accuracy of the radius diameter and a smooth surface after stacking the rotor package, since
the extra 0.2 mm was machined afterwards.

The slots in the inner rotor cannot be made too deep as the bottom of the slot cannot be
properly filled with conductors. The minimum radius in the bottom was set to 2.15 mm, to
have a sufficient filling. To increase the amount of copper that could be inserted into the slot,
a thin slot insulation of 0.1 mm was used. Furthermore on the top of the slot, a glass fibre slot
wedge was inserted to maintain the winding, see Figure 6.21. Consequently, the tooth tips
cannot be made too thin, see Figure 6.24 below.
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Figure 6.24: Slots and teeth dimensions in [mm].
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The IET has a three-phase star connected winding with series connected coils. The zero point
in the winding is not possible to reach, as it would require an extra slipring. The IET was
wound twice. In the first winding, the end-windings were bend too sharp and the insulation
cracked which caused short-circuits. The problem was the small diameter at the slot bottom
which was too small. The copper area was then reduced by selecting a thinner wire diameter.
The total copper area was reduced by 5 percent, consequently increasing the copper losses by
5 percent. The end-windings became 36 mm long in axial length compared to the calculated
value of 33 mm which is obtained by using (5.32), in which the parameter D represents the
diameter from the center of the shaft, to the slot bottom.

The fill-factor is 0.4 and the current density is 8.67 A/mm2. The current density is rather high,
but more than half of the copper losses are in the end-windings, which is easier to cool at least
in hybrid mode. This is shown in the following calculations of the end-winding length and the
active length for comparison. The total length of the end-windings are calculated by using
(5.30) and (5.33) to

2
2 1= (6.5)

where R1=36 mm is the axial length of the end-winding and Q number of inner rotor slots.
Inserting the parameter values from the prototype Lengthend-winding=4071 mm. The active
copper length is (5.33)

=, (6.6)

where L is the core length, the active copper length becomes for the prototype Lactive,Cu=3420
mm.

The end-windings are stabilised from the underside by an epoxy, glass-fibre cylinder, see
Figure 6.25.

Figure 6.25: Inner and outer rotor

Observe the metal plate for additional support in Figure 6.25. On top of the end-windings a
bandage of kevlar is applied. The data of the inner rotor and the winding are given below.

metal plate

glass-fibre

outer rotor

kevlar
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Winding

• three-phase star connected

• rms line-line voltage Ul-l=140 V

• rated rms phase current Is=83.7 A

• number of poles p=12

• number of turns per slot ns=6

• number of slots per pole per phase q=1

• fill-factor 0.4

• current density 8.67 A/mm2

• copper wire diameter

    (14 parallel parts of 0.95 mm) 9.92 mm2

• axial length end-windings 36 mm

• resistance 24.3 m /phase(20 C)

36.7 m /phase(145 C)

• insulation IEC Class F (155 C)

• weight (approx.) 4.0 kg

• copper density 8930 kg/m3

Inner rotor core

• lamination CK 33

• lamination thickness 0.5 mm

• resistivity, Fe 50 m cm

• axial length L=95 mm

• diameter 180 mm

• number of slots Q=36

• Number of cooling ducts 6

• Cooling duct cross section area (one duct) 2.87 cm2

• shaft diameter (under the core) 60 mm

• density 7.65 kg/dm2

• weight iron core 11.25 kg
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The outer rotor is constructed of a solid steel cylinder, where the magnet poles are glued on its
inner surface see Figure 6.26. The pole gap between the magnets have not been filled with
any material which of course increases the friction losses, however the cooling is improved.

Figure 6.26: Outer rotor

The outer rotor back thickness was calculated to be 7.5 mm to fulfil the magnetic
requirements, but finally a rotor back thickness of 15 mm was used. This makes it possible to
bring the profile close to the magnets see Figure 6.26, which reduces the axial magnetic flux
leakage and increases the distance between the cylinder and the end-windings. Thereby,
improved cooling of the end-winding is achieved as well as reduced eddy-current losses in the
outer rotor caused by the end-winding flux. The distance from the end-windings to the outer
rotor is approximately 16 mm. The profile is ca. 6 mm deep.

The number of poles is 12 and each pole is built up by six parallel magnetised NdFeB
magnets, in total 72 magnet pieces. The magnets are coated with a thin layer of nickel
approximately 20 m for corrosion protection. Tin can also be used, but it has a temperature
range up to 160 C, while for nickel it is 350 C [117]. Figure 6.27 shows the magnet
dimensions. Each magnet has a length of 47.5 mm.
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Figure 6.27: Magnet piece, dimensions in [mm].
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The magnet poles were not skewed as can be seen in Figure 6.26. Instead, the magnet pole
angle 2  was adjusted to limit the cogging torque [144]. The magnet pole width is 126
(electrical), but the cogging torque was not negligible. At 120  C the calculated peak cogging
torque is 8.5 percent of the rated torque as shown in Figure 6.28.
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Figure 6.28: Calculated cogging torque

The effects of cogging are treated more thoroughly in Chapter 7.

Figure 6.29 shows the magnet airgap flux density in the IET.

0.5

-0.5

0

( 
T

 )

Figure 6.29: Magnet airgap flux density and its harmonics.

The selection of the magnet angular width of 126  gives some reduction of the third
harmonics of the magnet airgap flux density (120  gives a complete cancellation of the third
harmonics, see section 5.4.2, equation (5.44)), while the fifth and seventh harmonics are not
effected to any higher extent. The harmonic contents of the airgap flux density can also be
seen in the measured phase voltage in Figure 6.43, section 6.10.
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During the manufacturing process of the outer rotor, gluing the magnets was a cumbersome
process. A structure had to be made in order to stabilise the magnets as they tend to flip of the
repelling forces. Due to the repelling forces all magnets cannot be glued at the same time, the
glue must harden before placing the adjacent piece. The hardest piece is of course the last
magnet of a pole. If the tolerances are too narrow or the pieces already glued are not close
enough, the last piece might be impossible to insert. This is especially true in machines with a
high pole number as one pole pitch is 360 mechanical degrees divided by the pole number.
For a 12 pole machine that is 30 degrees, and at a radius of 100 mm one pole is 52 mm wide,
and an error of 1 mm gives 3.5  in an electrical error. When ordering magnets with a radius it
is essential to order both north and south poles, together with some extra magnet pieces as
some magnets are always destroyed in one way or another.

Below are some of the data for the outer rotor and the magnets.

Outer rotor

• solid steel Tibnor ST 52 ( standard Swedish steel)

• outer diameter 225.2 mm

• thickness (behind magnets) 15 mm

• length 239 mm

• active weight (behind magnets) 7.2 kg

• density 7700kg/m3

Magnets

• NdFeB VACODYM 400 HR

• magnet thickness lm=6.5 mm

• magnet pole angle =63  (electric)

• magnets per pole 6 pieces

• total number of magnets 72 pieces

• magnet weight 1.9 kg

• density 7500 kg/m3

The integrated energy transducer prototype is cooled by forced air using a centrifugal fan, see
Figure 6.31. The air is lead by a plastic-tube into the air-inlet of the IET and it is let out at the
output shaft side, see Figure 6.30
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Figure 6.30: Tube for the cooling air which is connected to the air-inlet of the IET.

The air flow of the fan used was too large for the IET and it had to be choked. The air-flow
was measured with the Motor-in-the-box principle described in [112], where the fan is
enclosed in a box. With the IET connected to the fan, the air inlet speed is measured in a large
tubular inlet pipe to the box, and thereafter the air flow is calculated. Table 6.2 gives the
measured air-flows.

Air flow
at 2000 rpm

No choke 72 litre/second

Choke 1 62 l/s

Choke 2 52 l/s

Choke 3 42 l/s

Table 6.2: Measured air flow

The average air flow reduction from 0-2000 rpm is 5-7 percent. However choke 3 was never
used under a complete heat test as the temperature became too high. The rated air flow of the
IET prototype is between 62-52 litres/second depending on the ambient temperature.

The integrated energy transducer was tested in heat and efficiency tests with the inner rotor
locked and the outer rotor rotating and vice versa. The heat and efficiency tests were
conducted until all temperature rise within and on the surface of the machine was below 1 C

air inlet

tube
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per hour. The IET was controlled for maximum torque per ampere i.e. only current in the q-
axis. The efficiency test results are presented in section 6.7. Figure 6.31 shows the test bench
for the efficiency and heat tests.

Figure 6.31: Test bench for efficiency and heat tests of the IET.

The output torque from the IET and the rotational speed was measured with a torque meter
rated for 100 Nm. The torque and speed signals were transferred to a digital torque meter
instrument which converted the signals into analog values. The temperatures in the IET were
measured with temperature sensors at various places, see Figure 6.32.

Figure 6.32: Temperature sensors and inner rotor locked.
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Temperature, speed and torque signals were sampled simultaneously by a central
measurement PC, where all temperature curves could be followed during the test and the
output power was calculated. Furthermore, the temperature at various points on the IET was
measured with a portable temperature measurement instrument.

The load machine was a 220 Nm DC-machine which was controlled by a separate control
unit, so the required torque was always maintained. The required speed was controlled by a
PC based DSP-system. The input power was measured directly, without a current shunt, by a
digital power-meter after the inverter. However as the rated rms current of the IET is 83.7 A,
the power-meter would get too hot, if the power was measured continuously, and its accuracy
under these circumstances could not be guaranteed by the manufacturer. Therefore the input
power was measured during shorter periods of time. The IET was always operating at full
power by using two parallel circuit breakers which lead the power through the power meter
when measurements were to be made or by-passed when the measurements were completed
see Figure 6.33.

Figure 6.33: Circuit breakers, input power meter and inverter.

The winding resistance in the IET was measured before and directly after the test, by applying
a 10 A DC-current, from a DC power amplifier see Figure 6.31, through the winding and
measuring the voltage between two phases. The voltage signal was sampled into the
measurement PC. The actual winding resistance, directly after the test, was later interpolated

power meter

inverter

circuit breakers
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backwards from the measured decay curve of the voltage as the winding temperature
decreases, due to the fan. The winding voltage was measured for 5-7 minutes and started 20-
25 seconds after the machines had stopped.

The winding temperature rise in the winding, T, is calculated by

( ) ( )121
1

12 5.234 += (6.7)

where Rt1 is the resistance at an ambient temperature t1 before the start of the test and Rt2 is
the resistance at the final temperature at an ambient temperature t2. The resistance at 20 C is
24.3 m /phase.

The heat test results with rated power, 95 Nm and 2000 rpm, and the outer rotor locked are
summarised in Table 6.3. Tslipring is the temperature on the surface of the sliprings and was
measured 40 seconds after the test had been stopped. Tsl,1 is the slipring closest to the end-
shield, Tsl,2 is the slipring in the middle and Tsl,3 is at the furthermost end from the IET end-
shield. The temperature above the sliprings Tabove,slipring was measured 2 cm above the same.
The temperature was approximately 55 C lower than the slipring surface temperature and
25 C higher than the ambient temperature.

Locked outer
rotor

80.5 l/s 62 l/s 52 l/s

Tmagnets 49.8 C 59.4 C 68.1 C
Tend-winding 79 C 78 C

Twinding 95.1 C 106.3 C 136 C

T 69.2 C 78.9 C 109 C

Resistance 31.5m /phase 32.5m /phase 35.5m /phase

Tair,out-Tair,in 7 C 10.2 C 11.1 C

Tsliprings Tsl,1=103 C

Tsl,2=108 C

Tsl,3=91 C

Tsl,1=99 C

Tsl,2=91 C

Tsl,3=84 C

Tsl,1=114 C

Tsl,2=117 C

Tsl,3=102 C

Tabove,slipring 48.8 C 50.7 C 46.8 C

Table 6.3: Measured temperature in the IET during heat tests at rated power with locked
outer rotor

The variation of the surface temperature of the sliprings depends on the time at which the
temperatures were measured. The magnet temperature is higher than the values shown in the
table. This is probably due to the fact that the temperature sensor did not have a perfect
contact with the surface which was not smooth and there might have been some magnet glue
left on the surface. The more exact temperature should be in the range of 90 C which was the
value measured with the inner rotor locked. A temperature probe was then used to measure
the temperature directly on the magnet surface. This measurement showed a constant
temperature of 89 C for some minutes after the test and gives therefore probably a more
realistic value. The temperature difference between the winding and the magnets in the heat
test with the outer rotor locked is too large to be acceptable. However at that time, during the
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first tests, the air cooling which directly cools the magnets was thought to be the reason for
the low magnet temperature.

The end shield temperature on the sliprings side was 31-32 C. The motor frame temperature
was also 31-32 C, consequently very little heat is transferred through the end-shields and the
outer rotor.

The inner rotor shaft temperature on the slipring side, outside the slipring was 55-60 C and
inside the sliprings on the resolver, close to the shaft, a temperature of 70 C was measured at
an ambient temperature of 25 C. This should not be a problem for the bearings, however, the
bearing temperature inside the IET has not been measured but should be higher.

The output shaft temperature was 45-48 C.

The airflow was 52 l/s during the heat test with the inner rotor locked. Figure 6.16 shows the
connection of the three-phase cables from the inverter to the three-phase winding. The heat
test results with locked inner rotor are summarised in Table 6.4.

Locked inner
rotor

52 l/s

Tmagnets 89 C
Tend-winding 103 C

Twinding 146.8 C

T 121.6 C

Resistance 36.7m /phase

Tair,out-Tair,in 20 C

Tsliprings Tsl,1=44 C

Tsl,2=44 C

Tsl,3=44 C

Tabove,outer rotor 34.4 C

Table 6.4: Heat test with locked inner rotor

Temperature on the inner rotor shaft was 52.6 C outside the sliprings and 56 C inside close to
the resolver. The inner rotor shaft, seems to be heated by the sliprings and not eddy-currents
from the three-phase cables inside the shaft. Thus a better design of the sliprings should
decrease the bearing temperature. It can also be concluded that the inner rotor losses do not
heat the shaft as the winding temperature is higher when the inner rotor was locked, than
when it was rotating, although the temperature of the inner rotor shaft is lower.

One extra sensor was mounted on the conical surface inside the IET when the inner rotor was
locked. In order to give an idea of the bearing temperature. The conical surface reached only
35.5 C. However the air inlet is on that side, which seems to cool the inner bearing rather
well.

Observe that rated power of the IET is not a normal point of operation in a vehicle
application. The average power is much less, which means that the winding temperature will
be lower.
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The integrated energy transducer efficiency was tested with its inner rotor locked and the
outer rotor rotating and vice versa. The airflow during the efficiency measurements was 52 l/s
and the magnet temperature varied from 90 C to 40 C. The temperature variation has no
significant impact on the efficiency as the designed prototype almost has the same efficiency
at rated load with a winding and magnet temperature of 20 C or rated load with 90 C in the
magnets and 145 C in the winding. The efficiency difference is less than one percent in
favour of the cold machine. The estimated resolution of the measurements is in the range of
100-150W giving a possible difference of 1.5 percent. The efficiency maps of the IET are
shown with its outer rotor locked in Figure 6.34 and with its inner rotor locked Figure 6.35.
Table 6.6 and Table 6.7, last in this section, present the measured efficiency values of the IET.
The measured power factor of the IET drive was 0.95 at rated power.
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Figure 6.34: Measured efficiency of the IET with its outer rotor locked.

Figure 6.34 and Figure 6.35 show similar efficiency maps of the IET independent of the
rotating part. The main difference is at low speeds and high torque when the brush and
slipring losses decrease the efficiency in Figure 6.34. A higher efficiency was expected when
the sliprings were disconnected i.e. the inner rotor is locked. But as can be seen the efficiency
at rated power is similar or even lower when the inner rotor is locked. The reason for this is
that when the inner rotor is locked the inner rotor shaft is flexing and increase the bearing
friction losses. A torque offset of 0.8-0.9 Nm was measured. This generates a loss of 170-190
W at 2000 rpm, which is slightly higher than the measured brush friction losses see Figure
6.18.
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Figure 6.35: Measured efficiency of the IET with its inner rotor locked.

During the efficiency tests, the calculated rated current of 86 A (rms) was not reached as the
magnet temperature became only 90 C i.e. 30 C lower than calculated 120 C. The
temperature coefficient of the magnet remanence flux density is 10-3 [T/ C], therefore a 30 C
lower temperature results in 3 percent more magnet flux or 3% less current is required for the
torque production. The measured rated current was 83.7 A rms (at 95 Nm) or 2.7% lower than
calculated. For calculation of the efficiency of the IET, a torque factor of 1.135 has been used
to calculate the required current for a certain torque. The copper loss in the winding is
calculated by using (5.80) and (5.81).

Slipring and brush conducting losses are modelled by a resistance of 18m /phase see Table
6.1. This value is too high at brush temperatures above at least 60 C, see section 6.3. The
brush friction losses are approximated by (6.3), the air friction losses are calculated by (5.87).
The measured friction losses are shown in Figure 6.18, in section 6.3.

The calculated brush friction losses at 2000 rpm is 106 W. The calculated air friction losses
were only 5.5 W. The bearing friction losses have not been considered. The measured air and
bearing friction losses were 140 W at 2000 rpm shown in Figure 6.18, section 6.3.

Iron losses are calculated by (5.77). The correction factor, equation (5.78), for the eddy-
current losses for CK 33 lamination is

2
70,

33, = (6.8)

since the resistivity of CK 33 is two times higher than the DK70 lamination resistivity. ke,DK70

is given in Table 5.3. The stacking factor of the iron lamination is kstack=0.96. The IET teeth
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volume is Vteeth=7.37352·10-3 m3. The inner rotor yoke of the IET is divided in two areas
Vyoke,1=5.65725·10-4 m3 and Vyoke,2=1.669587·10-4 m3. The first area is from the slot bottom to
the cooling ducts and the second the volume between the cooling ducts and the shaft. From
FEM-calculations at rated torque the average flux density in the teeth is 1.7 T, in yoke area 1
the induction is 0.5 T and in yoke area 2 it is 0.1 T. With the magnets only, the flux density in
the teeth changes to 1.6 T, while other areas are unchanged. The calculated iron losses are
shown in Figure 6.36.
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Figure 6.36: Calculated total iron losses, solid line.

The measured iron losses are shown in Figure 6.37 as a function of rotational speed. As can
be seen from the figure these losses are 340 W at 2000 rpm. As can be seen, the measured
iron losses are lower at low speeds and higher at high speeds, compared to calculated iron
losses.
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Figure 6.37: Measured iron losses.
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The calculated and measured efficiency of the integrated energy transducer at rated power are
given in Table 6.5 below.

Calculated
Inner rotor

locked

Calculated
Outer rotor

locked

Measured
Inner rotor

locked

Measured
Outer rotor

locked

Efficiency 0.949 0.928 0.935 0.937

Copper losses 776 W 754W 771 W 746 W

Slipring/brush
losses

- 378 W - -

Iron losses 300 W 300 W - -

Friction losses 1.5 W 106+4 W - -

Winding temp. 146.8 C 136 C 146.8 C 136 C

Table 6.5: Calculated and measured efficiency at rated power.

The measured efficiency with and without brush and slipring losses are the same, despite the
extra losses generated by the brushes. However extra friction losses occurred when the inner
rotor was locked. These losses were in the order of 190W at 2000 rpm, as explained earlier.
The calculated efficiency maps of the IET at a winding temperature of 100 C are given in
Figure 6.38 with the outer rotor locked and in Figure 6.39 with the inner rotor locked.
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Figure 6.38: Calculated efficiency of the IET at 100 C, outer rotor locked.

The difference between measured efficiency maps and calculated is that the winding
temperature decreased with power during the measurements and therefore the efficiency is
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higher at lower loads as the copper losses decrease. The slipring and brush friction losses are
likely overestimated at lower speeds and the ohmic losses are overestimated at 100 C. This
can be seen in Figure 6.38.
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Figure 6.39: Calculated efficiency of the IET at 100 C, inner rotor locked.

The measured efficiency map of the IET with its outer rotor locked in Figure 6.34 is based on
the measured efficiency given in Table 6.6.

Nm rpm 2000 1800 1600 1400 1200 1000 800 600 400 200

95 0.937 0.934 0.929 0.925 0.913 0.896 0.880 0.851 0.794 0.675

85 0.940 0.936 0.931 0.928 0.916 0.902 0.884 0.858 0.803 0.691

75 0.944 0.940 0.938 0.934 0.920 0.912 0.893 0.865 0.828 0.713

65 0.946 0.942 0.939 0.936 0.926 0.913 0.901 0.882 0.832 0.724

55 0.938 0.941 0.944 0.940 0.929 0.925 0.911 0.888 0.855 0.769

45 0.942 0.940 0.938 0.937 0.930 0.926 0.914 0.899 0.859 0.769

35 0.940 0.938 0.933 0.931 0.926 0.931 0.914 0.906 0.877 0.840

25 0.917 0.918 0.917 0.914 0.928 0.921 0.921 0.903 0.889 0.85

15 0.857 0.900 0.869 0.879 0.881 0.902 0.889 0.896 0.886 0.865

8 0.791 0.812 0.816 0.710 0.844 0.830 0.814 0.816 0.813 0.846

Table 6.6: Measured efficiency of the IET with locked outer rotor.
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The efficiency map in Figure 6.35 of the IET with the inner rotor locked, are based on
measurements given in Table 6.7.

Nm rpm 2000 1800 1600 1400 1200 1000 800 600 400 200

95 0.935 0.937 0.936 0.934 0.924 0.917 0.902 0.885 0.839 0.750

85 0.941 0.941 0.938 0.936 0.936 0.924 0.913 0.895 0.850 0.759

75 0.942 0.943 0.945 0.941 0.940 0.936 0.922 0.909 0.883 0.810

65 0.941 0.945 0.943 0.944 0.935 0.938 0.927 0.919 0.888 0.823

55 0.939 0.942 0.946 0.946 0.949 0.940 0.937 0.929 0.907 0.844

45 0.936 0.939 0.936 0.942 0.941 0.945 0.936 0.929 0.913 0.864

35 0.928 0.935 0.934 0.940 0.946 0.948 0.941 0.938 0.927 0.890

25 0.909 0.914 0.908 0.921 0.923 0.926 0.931 0.925 0.921 0.906

15 0.860 0.863 0.875 0.884 0.901 0.914 0.891 0.907 0.912 0.914

8 0.784 0.795 0.786 0.805 0.808 0.824 0.844 0.833 0.875 0.902

Table 6.7: Measured efficiency of the IET with locked inner rotor

The integrated energy transducer prototype is designed for a rated torque of 95 Nm at a
magnet temperature of 120 C. The FEM calculated torque is shown in Figure 6.40, where the
peak torque ripple is 12 percent of the fundamental torque.
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Figure 6.40: FEM calculated torque ripple over one slotpitch for Is=Iq with. =90 (solid)
and with =89  (dashed).
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Torque ripple in electrical machines are dependent on slot-harmonic torque pulsation. In
surface mounted PM-machines in particular, it is created by the reluctance force between
magnet flux and stator teeth and electromagnetic force between rotor flux and slot space stator
mmf harmonics. The latter can be seen in Figure 6.40. The sharp peak for =90  at 1
vanishes for a stator current where =89 . However, the torque ripple can be suppressed by
skewing the magnets which is dealt in section 7.3. Further investigations on general torque
ripple in PM-machines are presented in [139].

From FEM calculations the torque factor Nm/Ampere rms current, was determined to 1.11
Nm/A (95 Nm/86 A rms), but the average torque over one slotpitch is higher than 95 Nm see
Figure 6.40. The average is around 97 Nm giving 1.13 Nm/A. During the efficiency
measurements, the torque per ampere rms current varied with load as shown in Table 6.8.

Magnet temperature Torque factor Torque

90 C 1.14 Nm/A 95 Nm

51 C 1.16 Nm/A 95 Nm

39 C 1.17 Nm/A 46.5 Nm

36 C 1.14 Nm/A 32 Nm

35 C 1.05 Nm/A 15.2 Nm

32 C 1.04 Nm/A 6.8 Nm

Table 6.8: Measured torque per ampere rms current.

The variation of the torque factor is due to the relative harmonic content in the phase current
which is higher at low loads and less at higher loads, see Figure 6.41. The currents shown in
Figure 6.41 are sampled synchronously by the controller board i.e. no switch-harmonics can
be seen.
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Figure 6.41: Sampled phase currents and their harmonics at no load and 93 Nm.

Figure 6.42 shows the measured phase current at 93 Nm where the switch-harmonics can be
seen.
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Figure 6.42:  Measured phase current at 93 Nm and 1000 rpm. The inner rotor is rotating
and the current is transferred via sliprings and brushes.
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The peak torque requirement of the IET, section 3.5, is 140 Nm. From FEM calculations 142
Nm is achieved with a rms phase current of 126.7 A. The fundamental flux density is more or
less unchanged from the rated flux density of 0.92 T. This enables the IET to operate at high
overload operation close to base speed, as the armature reaction is low. The IET prototype has
not been tested for maximum torque production, but it has accidentally been operated at 125-
130 Nm at a speed of 1000-1100 rpm without any problems.

The inductance in the integrated energy transducer has been determined from the efficiency
tests as a function of the quadrature current and as a function of the direct current Table 6.9.
The analytical inductances, Ldm=0.098mH and Lqm=0.103mH, have been calculated by (5.59)
and (5.60) for the d-axis and the q-axis respectively. The slot leakage inductance,
Lslot=0.096mH, has been calculated by equation (5.61). The end-winding inductance by the
empirical formula (5.63) for induction machines gives Lend-wind,emp=0.015mH and when the
end-windings are regarded as half of a ring in free air (5.65) Lend-wind,air=0.032mH. The
calculated inductances are given in Table 6.9 where

++= (6.9)

is the total inductance in the d-axis and the q-axis respectively.

Lq [mH]

(only Iq)

Ld [mH]

(-Id)

Ld [mH]

(+Id)

0.24
(Iq=65A)

0.25
(-Id=30A)

0.28
(+Id=30 A)

Measured 0.23
(Iq=75A)

0.24
(-Id=70A)

0.27
(+Id=50 A)

0.21
(Iq=83 A)

0.24
(-Id=60 A)

0.25
(+Id=70 A)

FEM-
calculated

inductances

 Lq,air    =0.208

 Lq,emp  =0.191

Iq           =83 A

Ld,air  =0.188

Ld,emp=0.171

-Id        =83 A

Ld,air  =0.168

Ld,emp=0.152

+Id      =83 A

Analytical
Lq,air   =0.231

Lq,emp=0.214

Ld,air  =0.226

Ld,emp=0.209

Ld,air  =0.226

Ld,emp=0.209

Table 6.9: Measured and calculated inductances in the IET.

The FEM-calculated values are for +Id=83A, Ldm=0.04mH, when -Id=83A becomes
Ldm=0.06mH and for Iq=83A is Lqm=0.08mH. The FEM-calculated values of the inductances
in row 5 in include the calculated leakage inductances, Lslot and Lend-winding.

The analytically calculated values, row 6 in Table 6.9, show an acceptable agreement with the
measured values, except if the end-winding leakage inductance is determined from the
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empirical formula (5.63) for induction machines, Ld,emp. The agreement is best in the q-axis,
likely due to the saturation in the d-axis. The saturation can be observed in the difference
between the analytical value of Ldm=0.098mH, whereas Ldm determined from FEM-analysis,
are only 0.04 and 0.06mH with a magnetising and a demagnetising current respectively.
Furthermore is the q-axis inductance, Lqm, twice the d-axis inductance.

Row 5 in Table 6.9, presents the total calculated inductance with Ldm determined from FEM-
analysis. This show a worse agreement with the measured values than the analytically
calculated inductance. However, the q-axis inductance is accurate 0.208mH (when the end-
windings are regarded as half of a ring in free air (5.65)), compared to the measured value of
0.21mH, see column 2, row 4. The measured values of Ld in column three, are not what one
should expect, the inductance should increase with an increasing demagnetising current, it
might be a measurement error.

Conclusion from measurements and FEM calculations is that a large part of the inductance in
the integrated energy transducer is leakage inductance. The inductance does not vary much in
the quadrature nor in the direct axis. The main reason for the difference between analytical
calculated and FEM calculated inductance is the iron saturation in the teeth. The agreement
between calculated and measured inductances are not completely satisfying. More work on
leakage inductance calculation and measurements should be performed.

The virtual zero in the star connected winding in the inner rotor is not possible to measure in
the IET since there are only three sliprings. The phase voltage was measured by connecting a
zero-resistance to the sliprings. The induced voltage was measured at a magnet temperature of
50 C, no-load and a rotational speed of 2000 rpm. The measured phase back-emf is shown in
Figure 6.43.
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Figure 6.43: Measured phase back-emf at no-load and 2000 rpm.

The measured harmonic contents of the phase voltage shows a good agreement with the FEM
calculated airgap flux density for the lower harmonics, see Figure 6.29 in section 6.5. The
measured 5th voltage harmonic is 10.0 % and 7th 4.5%, 11th 2.5% and 13th is 1.4% of the
fundamental phase voltage, compared to the calculated 12.8 % for the 5th harmonic, 7th 5.73%
, 11th 4.4% and 4.1 % for the 13th harmonic. The high order harmonics could be shielded and
therefore are not fully linked with the phase-winding. The measured third harmonic is much
smaller than the calculated, likely to an imperfection in the virtual zero as the other harmonics
shows a rather good agreement between measured and calculated values.

The line-to line voltage contains of course no third harmonics or its multiples as the virtual
zero of the winding is not connected to ground.

The rms line-to-line back-emf El-l can be calculated by (5.45) or preferably rewriting (5.55) to

ˆ6 1= . (6.10)

For the IET prototype are ns=6, q=1, r=0.09 m, L=0.095 m, kw1=1, =2 ·200 rad/s and
ˆ =0.93 T (the airgap flux density produced solely by the magnets at room temperature)

gives El-l=146.9 V rms. The measured rms line-to-line voltage, Figure 6.44, was 143.1 V rms.
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Figure 6.44: Measured line-line back-emf at no-load and 2000 rpm.

During operation of the integrated energy transducer, a higher voltage must be applied due to
the voltage drop over inductances and brushes. The measured rms line-to-line voltage at full
load is on average 151 V. From equation (5.52), the possible line-to-line voltage from an
inverter having a DC-link voltage of 250 V, without over modulation, is 153 V which is
consequently the voltage limit of the inverter.

The output voltage of an inverter can be increased by adding zero sequence components to the
modulating waves for the PWM generation. The method, used to avoid voltage limitation
when controlling the IET, is sinusoidal PWM-symmetrical, SPWM-sym, [165]. The absolute
value of the highest and lowest reference value of the phase voltage during each sample
period is made equal. The zero sequence component added to the reference values of the
phase voltage at every sample instant is calculated as

( ) ( )
2

,,min,,max ,,,,,, +
= (6.11)

where the modified reference values of the bridge phase voltage becomes

+=

+=

+=

,,

,,

,,

(6.12)

where ua,ref, ub,ref and uc,ref are reference values of the three-phases. The used method, which is
based on the addition of the zero sequence component, was first presented by [166]. The
output voltage of the inverter is increased by 16 percent [165] compared to the normal
symmetrical PWM-method without over modulation. The possible output voltage of the
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inverter becomes thus 177 V. However, the addition of zero sequence component to the
modulating waves does not affect the realised mean phase voltage during the sampled period
[165]. The implementation of SPWM-sym in the control software for the digital signal
processor in C-code is based on [167] and given in Appendix D. In Figure 6.45, the measured
reference voltage from the DSP-controller board is shown, when the IET is operated at rated
power. To the right the theoretical reference voltage is shown, with and without zero sequence
components.
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Figure 6.45: Measured reference voltage at rated power to the left. To the right calculated
reference voltage with (solid line) and without (dotted line) zero sequence
components added, at a fundamental voltage of one per unit.

The integrated energy transducer prototype has non-skewed magnets, and has not been
optimised for complete cogging cancellation. The cogging was measured with a 20 Nm
torque-meter and the rotor position was given by a resolver. The torque signal and the rotor
position were sampled at the same instance of time and the resolution of the sampled rotor
position was 0.1  (mechanical). The cogging torque is cumbersome to measure, only 2
mechanical rotation of the rotor can give a torque difference of 24 Nm see Figure 6.46.
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Figure 6.46: Measured cogging in the IET. Measured points is marked with *.

The calculated cogging torque at a magnet temperature of 120 C is shown in Figure 6.47.
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Figure 6.47: Calculated cogging in the IET.

Cogging has a period of one slot pitch. The IET prototype has 36 slots, consequently one
slotpitch is equal to 10 mechanical degrees. Measured and calculated cogging have basically
the same pattern but a difference in amplitude which arises from temperature difference and
saturation effects. The fast variation between 3-5.5  of the measured cogging in Figure 6.46
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does not feel as a pulsation in the torque. It is more as a play in a gear, when moving the rotor
back and forth. At 0  and 10  the torque is zero, but these are not stable points. The only
stable region for the rotor position is between 3.5 -5.5 , as can be foreseen from the
calculations, see Figure 6.47. Chapter 7 gives a further discussion on cogging in electrical
machines.
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Drives of electric and hybrid electric vehicles produce different sounds compared to
conventional vehicles for the surroundings but mostly for the driver. The difference is in the
sound level, especially for a hybrid electric vehicle in electric mode. The driver does not hear
the combustion engine, hence he or she becomes more aware of noise. Transmission noise
could therefore be recognised in an electric vehicle if the sound isolation is not properly
made. Furthermore, the switching of the inverter could create a high frequency noise.
Therefore it is vital that the drive of a hybrid electric vehicle is silent and does not create
unnecessary noise. One noise which might occur in the transmission of a hybrid or electric
vehicle originates from cogging. This chapter gives design suggestions for eliminating
cogging and comparison between different techniques of reducing cogging but the main focus
is on the skewing technique, see section 7.3.

Cogging is an unwanted phenomena in electrical machines. It is, according to the word, a non
smooth motion. Cogging, as it is defined here, is a torque ripple which is not caused by the
stator currents. This torque ripple is especially troublesome in permanent magnet machines
having stator teeth and a small mechanical airgap. Cogging produces a non-smooth rotation of
the rotor at low rotational speeds: the rotor seems more or less to take one step at a time at
very low speed. The speed control at low speeds becomes therefore more difficult see Figure
7.1.
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Figure 7.1: Measured speed at 24 rpm and no-load in the IET. Observe the pulsation in the
iq current. The current pulsation is in the same range as the cogging i.e. 9
percent of rated value.
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The positioning of the rotor is troublesome since the rotor has preferred positions. Cogging is
therefore not acceptable in servo motors. The torque ripple also give rise to noise and
vibrations in the drive which of course is unwanted. Cogging is, however, not always
unwanted, e.g. in magnetic couplings, since it is used to connect the shafts. Magnetic
couplings can be designed to transmit a precise torque which could for example be suitable
for sensitive drives (torque transients). Since the magnetic coupling can be designed for a
precise torque, it should also be possible to design a PM-machine without cogging.

Cogging or detent torque is caused by permeance variation in the magnetic circuit, when the
rotor is rotated in the absence of stator currents. The permeance variation causes a variation in
the stored magnetic energy. The stored energy is converted to mechanical work, or vice versa,
when the rotor is rotated resulting in cogging. The source for cogging is hence the interaction
between the stator geometry and the rotor magnet flux. If saturation effects are neglected only
the stator slots, as seen from the rotor, are causing a variation in the permeance in the airgap.
This implies that if there are no slots, e.g. airgap winding, the cogging in the motor will
vanish.

When the rotor is rotated the magnets will sense different permeance due to slots and
saturation. The load line for the magnets will therefore oscillate as shown in Figure 7.2.

Change of the energy in
the magnet caused by a

rotation of the rotor

Load lines

Figure 7.2: Change of the load line.

The change of the load line will create a variation in the energy in the magnetic circuit. The
energy is either stored in the magnetic circuit or converted to mechanical energy leading to
cogging. The more the load line is changing the more cogging the machine will be subjected
to. If the load line is constant, the magnetic energy will remain constant and hence there is no
energy available to produce a cogging torque. Cogging does not create any significant losses
in the machine as the energy loss in the iron due to the small variation of flux density is
negligible.

If the energy stored in the machine, i.e. in the airgap, copper, magnet and iron, is constant
when the rotor is rotated the cogging torque will be zero. If the iron is saturated, magnetic
energy is stored in the iron as well as in the copper. In [168], models for the energy storage in
the airgap, iron and magnets are presented. Assume that the energy stored in the magnets is
negligible and assume also that the energy stored in the iron and the copper is zero i.e. we
have a non-saturated machine, then all the energy is stored in the airgap and can be written as
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The cogging torque is then calculated by

Tcogging =
dWairgap

dx
(7.2)

where dx is

dx = r d . (7.3)

In FEM programs cogging can be calculated by integration of the Maxwell’s Stress tensor,
along the airgap or by the use of the energy method. In [168], investigations have been made
to see the difference between the Maxwell method and the energy method, which is defined
by equation (7.2), with regard to the accuracy of calculating the cogging torque. Both methods
gave an acceptable result when the number of nodes in the airgap are large. With a few
number of nodes, the energy method was more accurate. It is therefore important to have a
high resolution, i.e. a fine mesh discretization, when calculating the cogging torque. The
Maxwell Stress integration is not only extremely dependent on the local discretization of the
mesh but also sensitive to the location of the integration path. The integration path should
always be in the central layer of the airgap elements.

Cogging in PM-machines is originating from the slots and thus its characteristic is dependent
on the slot design. The cogging has then the following properties

• it is a periodic function with a period of one slot pitch,

• zero at the centre of the tooth and slot - represented in Figure 7.3 by the angles 0  and +5
respectively,

• maximum at the tooth edges and

• symmetrical about to the centre of the tooth (or slot).

The cogging torque of a surface mounted 12-poles PM-machine, the IET prototype, is shown
in Figure 7.3. There is an offset in the cogging which is often the case for cogging
calculations with Maxwell Stress tensors [168].
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Figure 7.3: Calculated cogging in the IET prototype.

Cogging creates a torque pulsation independent of the applied currents if saturation is
neglected. The torque pulsation frequency is a function of the number of teeth. The period of
the cogging is a slot pitch and the cogging frequency will then be

= 2 (7.4)

where
- m is the number of phases and
- q the number of slots per pole and phase
- f the frequency of the supply.

The cogging frequency can also be expressed as a function of speed

60
= (7.5)

where
- p is the number of poles and
- n the rotational speed in rpm.

For a three-phase machine with q=1, the cogging pulsation will be six times the fundamental
and thus coincides with the frequency of the phase-belt torque pulsation.

Designing a PM-machine by just taking an old design of the magnets and applying it on a new
machine can result in, among other things, a higher cogging torque than the original machine.
Some of the reasons why a higher cogging torque can occur are given in the following.

Cogging is created at the edges of the magnets [144], [169] and the more poles a machine has,
the higher becomes the cogging torque Figure 7.4.
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Figure 7.4: a) One pole creating cogging forces at two edges b) 3 poles and consequently
six edges where cogging is created.

The radius (volume) of the machine has also an effect on cogging. The larger the machine is,
the higher is the cogging in absolute terms.

The use of stronger magnets (higher energy product), to increase the output power is likely to
result in higher cogging. The reasons are firstly the magnet strength which creates a higher
energy in the airgap, secondly higher saturation in the teeth and thirdly the edges in the airgap
flux density curve become steeper. All these factors will result in higher cogging torque. The
energy in the airgap is proportional to the square of the airgap flux density, B, and thus the
cogging will increase with the same exponent, see (7.1) and (7.2).

The temperature of the magnets has also some influence in the cogging. As an example if
cogging is 2 Nm at 100 C then it will be (1.10)2*2=2.42 Nm at 20 C, assuming that the
remanence is 10% lower at 100 C than at 20 C. The saturation of the teeth will change at the
different temperatures which might also contribute to a change in the stored energy and
consequently to cogging.

To reduce the cogging torque in PM-motors, the following steps can be taken at the design
stage.

1. The ratio of magnet width to stator slot width should be considered carefully. For magnet
poles made up of several pieces in the circumferential direction, the width of one or more
piece should not exactly coincide with one or more stator slots.

2. Displacement of the poles by half a slot pitch. When the centre of one pole is opposite a
stator tooth the neighbouring pole should be opposite a stator slot opening.

3. Skew of the magnets in the axial directions. The magnets have to be sectioned in the axial
direction into several parts and these are then skewed in steps.

4. Skew the stator slots. This is very effective in reducing cogging.

5. Avoid slot openings or use a slotless stator.

6. Make the edges of the magnet smoother i.e. no sharp corners. The magnets can be thinner
at the edges, giving a smoother flux density edge.

7. Increase the airgap between the magnet surface and the stator.

8. Design the motor for a low magnet flux density in the airgap.

9. Introduce unsymmetry in the stator geometry over each magnet pole. Some of the methods
are; use fractional slots per pole or introduce an extra punched slot i.e. if 36 slots are
required punch 37 slots instead.
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10. The number of slot per pole and phase should be as large as possible or use bifurcated
teeth or punch extra holes in the teeth.

Some of these steps give a more complicated design, but can be used if a lower cogging
torque is required.

By increasing the airgap, , the variation of the permeance seen from the magnets will
decrease and consequently cogging decreases. The sharp edges of the magnet airgap flux is
smoothened by the longer airgap length. Thus a motion of the rotor does not to the same
extent change the flux at the stator surface.

A commonly used method to reduce torque ripple and noise in induction and synchronous
machines is to skew the rotor or the stator slots. In induction machines, the rotor bars are
normally skewed one slot pitch. Hereby not only the torque ripple and the acoustic noise are
reduced but also the rotor losses originating from slot harmonics. Instead other problems
occur when the rotor bars are skewed in induction machines, such as the decrease in the pull
out torque and the increase in the stray losses due to interbar currents. Increased additional
core losses at the axial ends of the machine also occur due to an increase of the peak flux at
the ends.

In synchronous machines with salient poles the rotor pole is normally skewed one or more
slots, thereby reducing both losses and torque ripple [148] and [158]. Current source inverter
(CSI) fed machines, used normally for larger synchronous machines, will not have the same
benefits of skewing as line connected or normal inverter fed machines. This is due to the fact
that the CSI does not produce a symmetrical three phase system in the machine as only two
phase currents are conducting simultaneously.

When skewing a PM-machine, the torque ripple originating from the slotting is reduced. The
rotor losses originating from the slot harmonics is however a more complex phenomena in
PM-machines and will depend on the construction of the rotor. PM-machines are normally
skewed only one slot pitch mainly to cancel the fundamental component of the cogging. The
skew also has a significant influence in the reduction of the electromagnetic torque ripple.

Skewing brushless DC machines, BLDC, the fundamental cogging is cancelled just as for
PMSM. The torque ripple due to the commutating torque pulsation, however increases in the
BLDC machines [68]. The torque ripple is increasing due to the trapezoidal nature of the
current and the stator windings must therefore be concentrated to minimise the commutation
torque ripple. BLDC motors should therefore preferably have another approach for cogging
suppression than skewing, which distributes the winding/magnets. Example of alternative
methods are; choice of suitable magnet arc width to pole pitch ratio in combination with
shifting alternate magnet arcs by one half stator slot pitch [144], [169] and [170].

Skewing machines which have a large slot pitch compared to the axial length of the machine
is not effective, due to the axial forces in the direction of the shaft. A rule of thumb is, that the
slot pitch should be chosen much smaller than the length of the core stack [75].

As mentioned above skewing can be performed on either the stator or the rotor. From the
machine point of view there is no difference, but for manufacturing reasons skewing the rotor
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is preferable, at least for the larger motor sizes. Today it is not possible to have an automatic
manufacturing of the winding in a relatively large machine with skewed stator slots.

Analytical models for cogging in BLDC-machines are presented in [171].

Skewing the magnets in a PM-machine by one slot pitch, s, is the most preferred method of
cancelling the fundamental cogging torque component. The main advantage is that the design
is simple and less time consuming. No time is needed to minimise the cogging by choosing
appropriate magnet width, airgap length, teeth and slot width etc. Of course there are
drawbacks, such as the reduction of the power of the machine, especially when the number of
slots per pole and phase are low.

When skewing the magnets it is important to skew by an appropriate angle. If the number of
magnets in the axial direction are m, then each magnet should be displaced by an angle skew

[172], where skew is

= . (7.6)

If the skew is made up of two steps m=2 and the slot-pitch s=10  (mech.) then each magnet is
displaced 5 . The skew line for the magnets is the same as for asynchronous motors and the
skew line is defined through the centre of the magnet pole. As an example, if the magnet pole
is made up of three magnet parts in width and the skew is to be made up in four steps, then the
centre of the four pieces should be placed on the skew line as shown in Figure 7.5.

sk
ew

s
Real skew line (parallel to 1)

Fictitious fifth magnet
Skew line 1

Figure 7.5: Skew line for a magnet pole

If the skew line is placed on one corner of the first magnet of the pole, the skew line will not
go through the corner of the fourth magnet, it will go through a fictitious fifth magnet corner.
This is because the real skew line is defined through the centre of the magnets, and not the
edges and corners. The average flux density is the property which should be skewed and it is
only achieved if the centre of the magnets, not magnet edges, are skewed according to the
skew line.

A pole, with the magnet divided into four pieces in axial length, skewed one slot pitch is
shown in Figure 7.6. Observe that the corners of the magnets are not skewed by one slot-
pitch.
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Figure 7.6: A skewed rotor pole with four magnet pieces.

The cancellation of the torque harmonics when skewing a slot pitch is dependent on how
many steps the skew is made up of [172]. Ideally when a continuously skew is performed e.g.
by skewing the stator, or the rotor magnets have an infinitely number of steps, m , all
torque harmonics originating from the slots are cancelled. But when having a limited number
or steps m, the torque harmonics of order m and its multiples remain unaffected. Analytical
expressions for the cancellation of the torque harmonics are presented in [172]. The total
torque ripple, Ttot, can be written as

= =
++=

1

0 1

2
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1
(7.7)

where i is the ith torque harmonic. The torque ripple of a single magnet part is

=
++=
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1
(7.8)

The term
2

in equation (7.7) is the phase shift of the torque when moving a slot pitch.

This means that the torque at point 1 in Figure 7.6 is obtained using j=0 while the torque at
point 2 is obtained using j=2. It can therefore be seen that the torque harmonics from magnet
piece 1 and 3 cancel each other due to the phase shift of . Likewise, torque harmonics from
piece 2 and 4 cancel each other. At point number 3 the phase shift is 2  (cogging has a period
of one slotpitch) but point 3 is at the axial end of the machine and will therefore not amplify
the torque harmonics. Equation (7.7) can be rewritten as [172]
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It can be seen that for n 0
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. (7.11)

Substituting for the total torque results in



Cogging and torque ripple Chapter 7

165

( )[ ]
=

=
+=

0 otherwise 0

for  1
sin (7.12)

This shows that when skewing the rotor magnets in m steps the torque harmonics of order m
and its multiples remain unaffected. The more steps m the skew is made up of, the less torque
harmonics remain unaffected. Table 7.1 below summarises the torque harmonic order that are
unaffected for different rotor magnet skew steps.

 m ncogging 1 2 3 4 5 6 7 8 9 10 11 12

1

2

3

4

5

6

7

8

9

Table 7.1: Unaffected torque ripple harmonics (marked with x) for varying skew steps.

The disadvantage with skewing is that the power of the machine is decreasing, especially if
the number of slots per pole and phase, q, is low. When the skew is performed as described
earlier the reduction in power can be calculated [2], when assuming no leakage, see Figure 7.7
and the end effects are neglected,

The extra flux leakage due to the skew of the magnets in a machine with surface mounted
magnets is relatively small. For a machine with inset magnets, the extra flux leakage in the
skewed machine could be significant as the extra leakage flux will be larger at the corners of
the magnets, due to the presence of iron material close to the magnet surface. By the same
reasoning, if skewing is performed in machines with magnets under the rotor surface, such as
interior magnets, the leakage will likely be larger for the skewed design.

Magnet piece 2

Laminations

View from above

Extra leakage flux
regions when

skewing inset PM-
machines

Magnet piece 1
is behind the

lamination

Magnet piece 2

Cut out  from the side

Leakage flux

Shaft

Laminations

Figure 7.7: Leakage flux when skewing the magnets.
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Figure 7.8 shows the fundamental magnetic flux density, for the case of unskewed magnets
while Figure 7.9 shows an identical case but with magnets skewed in step of 4 i.e. m=4. The
fundamental stator mmf in the q-axis is also shown in the figures.

Figure 7.8: Unskewed magnets with the stator mmf leading by 90 .

When skewing the magnets, the flux in the airgap from the magnets, will be made up of m
parts. Each part produces a maximum value of

(7.13)

in the airgap. Each part is shifted relative to the stator mmf resulting in less torque.

Figure 7.9: Flux waves from the magnets and the stator mmf.

The torque producing skewed airgap flux density can then be calculated as
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where

,= . (7.15)

Rewriting the equation to
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where

3, = (7.17)

is the slot pitch in electrical degrees. Figure 7.10 shows plots of the relative resulting torque
versus the number of skew steps. It can be seen that the torque loss for a motor with q=1 is 3.4
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percent if the skew step is m=2 and almost 4.5 percent if m=10. If q 3 the torque loss is
negligible. Observe that q is an integer, i.e. no fractional slot windings are considered.

The same result can be achieved by applying the distribution factor [158], normally used for
windings, on the magnets. Each magnet part is producing a flux that is shifted in space. The
relative torque factor will be for a skew of one slot pitch [2]

=

2
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2
sin

, (7.18)

where the constant

= .
(7.19)

The equation based on the distribution factor is to be preferred for its simplicity (but a high
resolution is necessary for the calculations). If the skew is made up of an infinitely number of
steps m, the loss factor will be the same as the normal skew factor equation (5.50) in section
5.4.2.
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Figure 7.10 Relative resulting torque due to a skew of the magnets in m steps.

From Figure 7.10 and Table 7.1 it is obvious that if the cogging ripple is to be kept small 
must be large, but at the same time the torque of the motor will decrease. However for PM-
machines with q=3 the torque reduction is negligible.

FEM calculations on the reduction of cogging in the IET with a skew of one slotpitch are
shown in Figure 7.11 for different skew steps m.
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Figure 7.11: Cogging torque in the IET with a skew of one slotpitch.

For a skew step of m=2 the skew angle skew, is 5  (mechanical) from (7.6) as the number of
slots in the 12-pole IET is Q=36 thus q=1. Observe that the low order cogging harmonics are
reduced by the skew while the higher remains as foreseen in Table 7.1. Figure 7.12 shows the
FEM calculated total torque ripple in the IET without skew and at a step skew of 2. The skew
has a positive effect on the total peak to peak torque ripple which reduces from 23.5 Nm to
8.5 Nm.
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Figure 7.12: Calculated total torque ripple in the IET with a step skew of m=2 dashed o and
no skew solid.
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If the goal with skewing is to reduce as much of the torque ripple as possible the skew should
be done in as many steps as is practically and economically possible. If the goal is to just
remove the fundamental torque harmonic then it is sufficient to skew in two steps i.e. use
simply two magnet pieces.

Before skewing we have to decide what we which to achieve with the skew,

• cancellation of the fundamental cogging component or

• minimise the peak cogging.

It is not necessary that the above requirements can be achieved simultaneously. For example,
let us assume that the peak cogging torque has a period of half a slot pitch or less i.e. it is
caused by the second or higher order cogging harmonic. This implies that if the skew is
performed in two steps i.e. m=2 and the peak cogging which we would like to eliminate is a
harmonic, the skew should then be smaller than a slot pitch. If the skew is made up of more
steps, more harmonics can be cancelled. Thus it is likely that also the peak cogging torque
produced by a harmonic is eliminated. It is therefore essential that the skew is always
validated, so that it fulfils the specified cogging requirements.

A PM-machine with buried magnets is generally not skewed, mainly because cogging is often
not a pronounced problem in the particular application, but also because manufacturing a
skewed rotor with buried magnets is a complicated (time consuming) procedure. If, however
the number of poles are high, the airgap is small and we have high airgap flux density
together with a large diameter, the machine is likely to have cogging problems, unless
precautions are taken to reduce them.

The process of skewing the magnets can be summarised by the following:

• skew is performed to eliminate cogging

• skew results in a decrease of the electromagnetic torque ripple

• skewing BLDC-machines increases the electromagnetic torque ripple

• skew of one slot pitch eliminates the fundamental cogging

• skew can be made for cancellation of peak and/or fundamental cogging

• skew increases the production cost

• skewing machines with low q decreases the power of the machine

• skewing the stator slots or the rotor magnets have the same effect, if the magnets are not
skewed in steps

• a step skew of the magnets does not eliminate all cogging harmonics.

The skew of the magnets do not eliminate the forces acting on each magnet and stator
segment, the forces are cancelling each other, seen from the outside. Therefore it is interesting
to investigate the fatigue properties of magnets and its glue in PM-machines that highly utilize
skewing for cogging suppression and that have been in operation for a long time.
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Skewing the magnets or the stator slots makes the production of the motor more complicated.
A possibility to limit the cogging without skewing is an optimised magnet design with [169]
or without a displacement of the magnets [144]. The design in these references are for BLDC
motors and should therefore be carefully studied before they are applied to PMSM.

Reference [169] is a further development of the methodology presented in [144] and the idea
of choosing a suitable width of the magnets is used to minimise the cogging. The approach in
[144] is to suppress the fundamental of the cogging torque by selecting an appropriate magnet
width, while displacement of one magnet pair with respect to the other by one fourth of a
slotpitch is performed to eliminate the second order cogging harmonic.

The approach used in the IET design to eliminate cogging was the method of adjusting the
magnet width. According to [169] an appropriate magnet width for cogging suppression for
radially magnetised magnets, which has been verified by a finite element analysis, is

( )17.0+= (7.20)

For parallel magnetised magnets the appropriate width is

( )41.0+= (7.21)

where
- s is the slot pitch
- n is an integer.

Observe that different magnet widths are used to suppress cogging for parallel and radial
magnetised magnets. The integer n is determined by the number of slots per pole. For a three
phase machine with q=2, n 5. For n=6 the width of the magnet pole will be wider than the
width of the winding pole, which is certainly unsuitable. The above equations (7.20) and
(7.21) are not valid for all PM-machines but can be used as a good approximation in the
beginning of the design process. The slot opening in [144] and [169] is equal to the slot width
and there are no tooth tips, which could limit the validity of the above equations. For a PMSM
the magnet width is around 120  (electrical), which for a three phase machine with q=2 gives
n=4. In the design of the IET (parallel magnetised magnets and q=1), the width of the magnets
was set to 126  (electric). The optimum value should have been 144.6  (electric) according to
(7.21). In any case the design did not give acceptable cogging suppression. It might be due to
teeth saturation or the fact that the IET is an outer rotor motor, where the magnet flux is
concentrated instead of distributed, which is the case in the inner rotor machines upon which
equation (7.21) is based.

With a displacement of the magnets by half a slot pitch, the fundamental of the cogging is
cancelled. As explained earlier the displacement should not necessary be half a slot pitch. If
the highest cogging torque has a frequency of three times the fundamental i.e. it is a third
harmonic, the displacement should be less than half a slot-pitch.

Displacement of the magnets, in order to eliminate cogging, can be made in different ways.
Dependent on how the displacement of the magnet poles is performed, it might result in low
order airgap flux harmonics as well as mechanical instability of the rotor. In Figure 7.13
different methods for rotation/displacement of the magnets are shown.
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Figure 7.13: Displacement of the magnet poles

The basic design of the angular width of the magnets is first decided by the rated power of the
machine. Thereafter the width can be corrected as described above. The correction of the
magnet width to minimise the cogging does not decrease the rated power of the machine
dramatically as only a small variation of the width is required. In any case changing the
magnet design will require the control of the average torque production, which must be
carefully investigated, especially if q is low. This is to assure that an unacceptable decrease of
rated torque or high torque ripple does not occur due to a change of the phase-belt as shown in
Figure 6.40, section 6.8.

The airgap flux harmonics which a displacement of the magnets gives rise to, can be
calculated with the expression below:
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where Bsin is the amplitude of the odd harmonics and Bcos is the amplitude of the even
harmonics. The total magnet airgap flux density is

2
cos

2
sin,

ˆ += . (7.24)

where k stands for the order of the harmonic of the airgap flux density. However k=2 is the
fundamental. k=1 is a half sub-harmonic, k=3 is the 1.5 harmonic, k=4 is the second
harmonic, k=6 is the third harmonic and so on. In equations (7.22) and (7.23) 2  is the
magnet pole angle in radians,  the displacement of the pole from the middle of the magnet
pole in radians. By inserting =63  electrical degrees, Bm=0.8 T and no displacement gives
for k=2 (fundamental) the peak fundamental of 0.908 T. Equation (5.17) which gives the same
result as the fourier analysis above is based on the assumption of a rectangular magnet flux in
the airgap. Equations (7.22) and (7.23) are derived assuming that the magnet poles are
displaced according to the rotor in the middle of Figure 7.13. If the displacement then is
performed within one pole pair and the magnet pole is displaced by =5  electrical degrees,
the fundamental is 0.894 T. This displacement does not create half sub-harmonics.

For displacement according to the rotor to the left of Figure 7.13 where the pole pair
displacement is related to each other, the first two terms in (7.22) and (7.23) will have a
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positive sign in front of  and the last terms are negative. Then the first half sub-harmonic
becomes 0.066 T or 7 percent of the fundamental which is unchanged 0.894 T. This half sub
harmonic does not induce any voltage but it saturates the iron.

For the displacement of the magnets that is shown on the rotor to the right of Figure 7.13, one
of the  will have a zero value. The choice of  will depend on which pole that is displaced.
This creates the first half sub-harmonic of 0.033 T but the fundamental peak magnet airgap
flux density is 0.904 T.

During the design of the IET a displacement of magnets was performed but gave no
significant effect on the cogging reduction. Also manufacturing process becomes more
complicated. For future investigations the half sub-harmonic should be further investigated, it
will not be further dealt with in the thesis. However, whenever a displacement is used, it is
essential that possible rotor unbalance for certain pole numbers is carefully investigated.

Cogging has a period of one slot pitch and therefore some kind of unsymmetry in the stator of
one slot pitch can cancel the cogging. The idea of producing an unsymmetry is to push the
harmonic components in the spatial airgap permeance distribution to higher frequencies.
There have been several ideas on this topic such  as

• adding dummy slots [173] or dummy teeth [174] to the stator laminations.

• Adopting a fractional number of slots per pole [175], [176] and [177] or

• shifting the angular positions of individual slots [171].

Comparisons are made in [178] between four different motors for control purposes. The
motor with an additional slot and a fractional-slot winding had the lowest cogging and
electromagnetic torque ripple.

In PM-machine designs, where the ratio of stator slots to rotor poles (magnets) is not an
integer, cogging will be reduced. Machines with fractional slot winding can be used when
cogging requirements are not extreme and when much emphasis is not given to cogging
elimination.

When the stator geometry is changed as suggested in the above examples, one must carefully
investigate the impact on the average and the ripple torque production when the windings are
excited. The fractional slot winding could cause a loss of torque production due to a distortion
of the mmf wave.

Investigations are made in [179] on the effect of bifurcated stator teeth and in [180] on the
effect of notches on cogging, see Figure 7.14.

NotchedUnnotchedBifurcated

tooth tooth tooth

Figure 7.14: Notched and unnotched stator teeth
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The results from the investigation indicate that cogging is reduced when extra "slot openings"
are introduced and the frequency of the cogging is increased. In [179] and [180], the cogging
frequency is the unnotched frequency plus the number of notches times the unnotched
frequency i.e.

)1(,, += , (7.25)

thus one notch doubles the cogging frequency. In [179] the introduction of one notch per
tooth decreased the cogging to half.

A centre-notch was introduced in [180] between the poles in a BLDC machine with 180  of
magnets which unfortunately resulted in an almost doubling of the cogging torque. The
reason for the increase of the cogging is that the airgap under the slots and the notches
experience the energy change at the same time and with the same period, as the pole
transitions pass. The final design in [180] had four notches on each tooth, but no central notch
between the magnet poles. The cogging was then reduced approximately seven times. The
notches had almost no influence on the output torque.

The advantage with notched or bifurcated teeth is that the cogging period is shorter. Thus the
required skew angle becomes smaller. As an example by adding one notch in the teeth the
cogging period is halved which implies that the required skew has only to be half a slot pitch
to eliminate the fundamental cogging torque. However a notch does not change the total
energy change, i.e. the peak cogging torque is halved but the frequency is doubled. However
it is the cogging, which is unwanted, that is effectively halved with this solution.

Variation of the stator slot opening has been investigated in [181]. In this paper the motor
with the smallest slot opening had the lowest cogging. But a small slot opening does not
necessarily imply a low cogging. Cogging is influenced by both stator geometry and the
shaping of the magnets. In [181] a fix magnet width was used and the slot openings were
changed. Of course cogging is eliminated, if the slots do not influence the airgap flux density
through a change in the permeance. There is therefore theoretically no cogging if closed slots
are used, but the effect of saturation will create a fictitious airgap when the motor is loaded.

The influence of the variation of the slot width to slot pitch ratio on cogging has been
investigated in [144]. The peak cogging torque was lowest for a slot/tooth width ratio of less
than 0.5, i.e. when the slot width is lesser than the tooth width. However, the cogging was not
as symmetrical i.e. not sinusoidal, as is the case of a stator with a slot/tooth width ratio higher
than 0.5 i.e. wider slot than tooth. The conclusion in [144] is that a tooth/slot ratio of 0.5 is the
optimum as the average cogging is lower, when the special technique of cogging suppression
is applied. A tooth/slot ratio of 0.5 is also approximately the optimum value with the respect
to overall motor design [150].

Stator tooth tips are often saturated especially if the stator geometry is based upon an
asynchronous machine concept. In an asynchronous machine the tooth tips are thin and hence
saturated. When the rotor is rotated the magnet edges will overlap the tooth tips and the tips
will saturate. Hence magnetic energy is stored in the tooth tips and will result in cogging
torque. On the other hand, if the leading edge of the magnet pole saturates a tooth tip to the
same extent as the lagging edge makes a tip unsaturated, the total stored magnetic energy is
constant. Thus no cogging contribution will be made by the tooth tips. A rule of thumb is that
the thickness of the tooth tips should have the same dimension as their width, plus a generous
radius in the corners so that saturation does not occur [75].
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Cogging is normally an unwanted parasitic torque and it can be seen as a pulsating load
torque. A variation of the load torque can be balanced by the applied currents from the
inverter and this should also be possible for the cogging torque.

The frequency of the cogging was given by (7.4). In a three-phase PM-machine with q=1 the
cogging frequency will be the same as the phase-belt frequency. The resultant torque
pulsation will depend on the vectorial sum of the two components. The torque pulsation’s in
the machine can be enhanced or decreased depending on the phase shift between the two
components. This demonstrates the possibility of reducing or perhaps even cancelling the
cogging by choosing a suitable phase angle and amplitude of the current. Cogging creates a
torque ripple of six times the fundamental frequency for q=1. This means the cogging can be
cancelled by adding a fifth and a seventh current harmonic with the correct amplitude and
phase angle.

Cancellation of the cogging torque by adding electromagnetic torques to the normal load
torque has been investigated in [182]. For the cancellation of one torque harmonic two types
of methods can be used. Either the simultaneous modification of the amplitude and phase
angle of one current harmonic [182] or the simultaneous modification of the amplitudes of
two current harmonics. Cogging is made up of several torque harmonics and thus several
different current harmonics will be required to cancel the cogging. Difficulties arise when for
example the first cogging harmonic is cancelled and new current components are applied to
cancel the next cogging harmonic. This can affect through saturation the phase angle of the
first torque harmonic which was introduced to cancel the first cogging harmonic. An iterative
process is therefore required to enable an effective cancellation of cogging as is reported in
[182] where three iteration steps were required. The presented method was primarily for the
cancellation of the normal phase-belts harmonics.

The difficulties of balancing unwanted torque ripple with applied currents, is that it is only
valid for one load torque (but valid for all speeds). This means each load needs a separate set
of optimised currents for the cancellation of the different torque harmonics.

The method by adding a fifth and seventh harmonic was applied during the test of the IET.
However, it was impossible to eliminate the cogging as the torque pulsation is extremely
dependent on the current level and the phase angle of the current see Figure 7.15.
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Figure 7.15: FEM calculated torque ripple over one slotpitch in the IET for Is=Iq with
=90 (solid) and =89  (dashed).

Comparisons are made in [178] between different motors with a similar rotor geometry. The
machines had fractional-slot pitch, full-pitch and chorded winding, and were
skewed/unskewed. Some of the results were,

• the lowest electromagnetic torque ripple and cogging reduction was obtained in the motor
with an extra slot and a fractional-slot winding.

• The highest torque ripple was observed in the BLDC motor.

• Skewing the stator core stack yields almost the same cogging as shifting the rotor poles or
punching an extra slot in the stator core, when compared to an unskewed motor.

• Concerning the electromagnetic torque, a chorded winding will have almost the same
effect as shifted rotor poles.

• The extra slot gives the possibility for a special arrangement of the winding. The
harmonics of the rotor flux can thereby be reduced, giving a nearly sinusoidal induced
voltage E.

Conclusions, different types of cogging elimination techniques can be performed. However,
without an investigation of their effects during the design, the cogging might become worse
than the original design. It is therefore important to make a thorough investigation to see that
the requirements are fulfilled. A technique that often can be applied without any complicated
investigations is to skew the magnets.
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The integrated energy transducer drive is a multivariable system, with a large number of input
signals, limitations and demands. The main objective of Chapter 8 is to present the control of
a complete integrated energy transducer drive, its dynamic equations, dynamic simulations of
the drive with the FTP 75 drive cycle and to present transient tests conducted on the IET
prototype. Efficiency simulations and optimisation of control algorithms in steady-state
operations of the drive are not conducted, since this will require reliable efficiency maps of
the CVT which have not been available. The focus in this chapter is on the dynamic
simulations, to verify the functionality of the drive.

The control system for a hybrid vehicle is complex, since there are different tasks for the
control, e.g. to minimise emissions, maximise efficiency or performance. However the most
important task is to fulfil the demands of the driver. All tasks cannot be fulfilled at the same
time e.g. efficiency and maximum acceleration performance. A requirement on the control
system for the IET drive, Figure 8.1, is to operate the ICE with an arbitrarily fixed torque and
speed, in order to maximise the ICE efficiency and minimise its emissions, see Chapter 3. The
use of the CVT and the integrated energy transducer make this possible. The energy
transducer allows a free choice of the speed and the CVT makes it possible to choose the
torque arbitrarily.

~
=

P1

2

Battery

Inverter

ICE CVT

IETBrake

PE

P2

T2T1 Tw

w1

Figure 8.1: Integrated energy transducer drive.

The function of the integrated energy transducer is basically to connect the power from the
ICE denoted P1 and the power from the battery, PE, to the output shaft. The inverter function
is to adjust the frequency and the applied voltage in such a way that electric power is either
taken from or delivered to the battery. The CVT is controlled to give the correct torque at the
wheels.
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The operating modes of the integrated energy transducer drive have been previously described
in section 3.3, however, for a better understanding of the control, the operating modes are
briefly described in this section. The operating modes of the IET drive are

• hybrid,

• electric,

• start of the ICE by the IET and

• "limp-home" (inverter failure mode).

In hybrid mode at steady state the IET torque is the same as the torque produced by the ICE
(constant). Otherwise the inner rotor will accelerate when the IET torque is less than the ICE
torque and retard if the IET torque is higher. For high speeds, the IET does not have to utilise
field weakening. The field weakening behaviour of the system is provided by the CVT.

In hybrid mode, when the power on the wheels is changing, the CVT is geared and the
rotational speed of the IET output shaft will change according to the gearing of the CVT. The
speed of the IET input shaft, which is connected to the ICE, is always equal to the speed of
the ICE and thus constant. By changing the speed of the outer rotor and the gearing of the
CVT it is always possible to have the ICE operating at constant speed and at a given constant
torque.

In electric mode, the IET torque can of course be varied, but it should be kept as high as
possible to have a high CVT efficiency. The CVT is geared to produce the correct torque on
the wheels. The ICE output shaft is locked in electric mode by a brake.

The start of the ICE is conducted by the IET by applying a torque on the output shaft of the
ICE, when the vehicle is at standstill or driving forward in electric mode.

Limp-home is a function of the IET when an inverter failure occurs in hybrid mode. The
sliprings of the IET is short circuited and the IET is operating as an asynchronous machine.

The power equations of the IET drive have been described in section 3.2.2, and are shown
again to make the simulations and the control of the IET-drive more comprehensive. The
system power flow is determined by the difference in rotational speed between the two rotors
of the IET. In hybrid mode power is taken from the battery, if the outer rotor speed 2 is
higher than the inner rotor speed (ICE) 1. During acceleration, additional power is taken
from the battery by allowing the outer rotor to rotate at a higher speed than the inner rotor. If
the outer rotor speed is lower than the speed of the inner rotor, the battery is charged. The
power equations of the integrated energy transducer drive are thus for the IET

( )122= (8.1)

the ICE power
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111 == (8.2)

the inverter power

( )122== (8.3)

the power into the CVT

222 = (8.4)

the battery power

( )1222 === (8.5)

and the wheel power

2
 

2
 2 === . (8.6)

The equations show, as previously described, that if the speed of the inner rotor, 1, (the
speed of the ICE) is higher than the outer rotor speed, 2, the battery power becomes negative
and the battery is charged, that is P2 < P1. If the outer rotor speed is higher than the inner rotor
speed, power will be drawn from the battery and consequently P2 > P1. Thus on highways the
ICE could be operated on a slightly higher speed 1 than the outer rotor 2 to charge the
battery. The only power taken from the battery when 1= 2 is to cover for the winding losses
caused by the currents, which are required to maintain the torque. Example, the inner rotor is
driven at 4000 rpm by the ICE, the speed difference between the inner and outer rotor is 2000
rpm, 2 becomes 6000 rpm. The IET power is then equals to T1·2 ·2000/60 which is the same
as the battery power, while the wheel power is T1·2 ·6000/60.

The control of the complete drive is complex since there are only two real input signals, the
accelerator and the brake-pedal which are both controlled by the driver. Based on these two
signals the control strategies of the combustion engine, the integrated energy transducer, its
inverter and the gearing of the CVT are decided. Therefore each component has its control or
operation law based on the measured parameters in the drive such as rotational speed, power
and vehicle speed. The gear ratio is calculated from the measured input speed of the CVT and
the vehicle speed. The control laws are implemented in a central control logic which decides
the operation of each component. Figure 8.2 shows a principal control scheme of the drive.
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Figure 8.2: Principal control scheme of the simulated IET drive.

Each block in Figure 8.2 contains different control algorithms and models, the battery
excluded, which has not been modelled. The control logic is the main component in the
control system as it handles all strategic decisions. It makes the choice of whether the CVT
should be geared and/or whether the ICE torque should be changed. The ICE torque is
controlled to be kept at a fixed value and as high as possible according to the Optimum
Operation Line, OOL, see Figure 3.2 in section 3.2.

The control logic block also controls the IET and the ICE power depending on the state of the
system i.e. direction of power flow from/to the battery and the required energy consumption
within the vehicle and at the wheels.

For simulations of the drive each component has been modelled, including a driver model. A
CVT can be modelled as a single integrator [184] due to the performance of a local controller
within the CVT, which makes sure that the complex behaviour of the CVT can indeed be
simplified into a single integrator. The CVT in [183] is also modelled as a single integrator.
The CVT in the IET-drive is modelled as an integrator having two inertias i.e. one inertia on
the input shaft and one on its output shaft.

The time constants of the mechanical system due to the inertias in the drive, are larger than
those within the ICE i.e. thermodynamics such as manifold intake dynamics, combustion and
torque production etc.. Furthermore it is assumed that the ICE controller for the fuel injection,
which controls the torque production, is able to maintain the ICE torque at desired value.
Therefore the ICE model consists of an inertia, variable torque and speed. However as stated
in section 4.1, the flywheel of the ICE is removed in a real application. More complex
modelling of the ICE within a drive is given in [185], only ICE modelling [186] and even
more of the fundamentals of the ICE in [56].

Due to the fast torque response of the IET, see section 8.7, compared to the mechanical
system, the IET is modelled as inertia on two shafts, a variable torque and two speeds. This
means that the inverter can set the requested IET torque exactly when needed, without any
time delay. The inverter itself, is not modelled due to the small time constant of the inverter
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compared to the mechanical system. The complete IET drive model, used in the simulations,
is shown in Figure 8.3. Compare it with the drive in Figure 8.1.

JICE+JIET,inner

CVT

1

T1

ICE
TIET

2

J2

R
Jw

w

Tw

Figure 8.3: Drive model for simulations.

The CVT gear ratio R is defined as

2= (8.7)

and the control signal to the CVT is a desired rate of change  of the gear ratio. Jw includes
both the inertia of the vehicle and the output shaft of the CVT, where the inertia of the vehicle
is given by equation (3.15). J2 includes the inertia of both the outer rotor and the input shaft of
the CVT. The inertia of a cylinder, like the outer rotor, can be calculated by

= 32 (8.8)

where outer is the density of the outer rotor material, ri and rout is the inner and outer radius of
the outer rotor respectively and l the axial length. The inertia of the inner rotor, JIET,inner is
calculated in the same manner as the outer rotor inertia, but the inner radius ri is zero.

From Figure 8.3 the transient equations of the drive can be derived. Newtons law of motion
for the combustion engine and the inner rotor of the IET is

( ) =+ 1,1 , (8.9)

giving the motion of the inner rotor as

,

1
1 +

= . (8.10)

Newtons law of motion for the outer rotor becomes

== 2
22 (8.11)

where Tw is the load torque at the wheels. Solving for 2  and remembering that R varies
continuously with time as the gearing in a CVT is not made in fixed steps,

+
+

=
2

2

22
2

2 . (8.12)

For the wheels the dynamic equation is
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( )2
2

2 == (8.13)

giving the angular acceleration of the wheels

+
=

2
2

22 . (8.14)

Similar equations for a vehicle drive with a CVT have been presented in [183].

The road load power i.e. the torque at the wheels, Tw, is given in section 3.5. The torque at the
wheels can be expressed as a function of vehicle speed

( )20126.073.26.3 += (8.15)

where Sv is the vehicle speed in [km/h] or as a function of rotational speed of the wheels

( )22163296.073.26.3 += (8.16)

where Tw [Nm] is a function of rotational speed of the wheels [rad/s]. The drag coefficient CD,
frontal area Av, vehicle mass mvehicle and wheel radius rwheel are given in Table 3.2, section 3.5.

Observe the third term in the numerator in equations (8.12) and (8.14) which contains the rate
of change, , of the CVT gear ratio. This gives an unwanted behaviour of the drive that
requires special control algorithms. The influence of the third term on the drive is discussed in
the next section.

For stable systems which are minimum phase i.e. no time delays or right-half plane zeros,
there is a unique relationship between the gain and phase of the frequency response. The
name minimum phase refers to the fact that such a system has the minimum possible phase
lag for the given magnitude response |G(j )|, where G is the plant model and G(j ) is the
frequency response of the system G(s) defined as a function of the Laplace operator s [187].
G(j ) gives the response to a sinusoidal input of frequency .

Right half plane zeros and time delays contribute to an additional phase lag to a system when
compared to that of a minimum phase system with the same gain, i.e. we have a non-minimum
phase system. To exemplify this, assume a system

( )
+

= (8.17)

with a right half plane zero at s=c and a constant gain of 1. The phase displacement is
therefore -2arctan( /c) radians, and not zero radians which is the case for a minimum phase
system G(s)=1 of the same gain 1. Similarly a time delay system e-cs has a constant gain of 1,
but a phase displacement of - c radians.

Non-minimum phase systems are familiar in the aircraft industry. An aircraft is often a non-
minimum phase system, when the elevation angle of the aircraft nose is increased. What
generally occurs, when the elevation angle is increased, is that the nose of the aircraft is
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initially tipped down towards the ground and thereafter it is increased i.e. initially it does the
opposite to the control signal. This is due to a zero in the right half plane in the aircraft model.

For the IET-drive similar behaviour can be observed from equation (8.14). The IET drive can
be controlled so that the combustion engine is operating at a constant speed. In this case the
IET torque is the same as the ICE torque (8.10). To increase the speed of the vehicle, without
a change of the IET or the ICE torque, the gear ratio R must be increased (8.14). This implies
that the rate of change of R is positive i.e. is positive, which means the third term becomes
negative in (8.14). Thus, during the gearing of the CVT the third term produces a negative
torque contribution and the vehicle is retarding until

22+> . (8.18)

The opposite takes place when the vehicle speed is reduced i.e. the vehicle wants to accelerate
initially as  is negative in which case the third term is contributing with a positive torque.

Perfect control of non-minimum phase systems can be achieved with non-causal controller
which is a controller that uses information about the future [187]. The problem in most
applications is that the information about the future is not possible to get, especially not in
vehicles with a driver. In applications with repetitive motion patterns as for robotics or for
batch processes, information of the future is available. Figure 8.4 below shows different
control signals to achieve perfect control of non-minimum phase systems.

The main input signal in the IET-drive is the rate of change of the gear ratio  (8.14). For the
unstable controller in Figure 8.4 it means that  becomes more and more negative during the
acceleration. This will increase the wheel speed (8.14), but at some point the gear ratio must
return to the correct value which means the vehicle will be subjected to retardation.
Furthermore, the gear ratio span is limited and equation (8.12) shows that the outer rotor will
retard at the same time i.e. less power is taken from the battery or the battery becomes
charged during the acceleration in hybrid mode. The unstable controller structure is thus
impossible to use in the IET drive.

The non-causal controller seems to be a good choice if it only knew when the driver wants to
accelerate. In this case the CVT can start to change the gear ratio some time before the driver
presses down the accelerator. This is impossible in a vehicle application.
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Figure 8.4: Feedforward control of systems with a right half plane zero.

A practical controller gives a retardation of the vehicle before the vehicle accelerates, but it
does not require any information concerning the future and does not cause an unstable system.
The controller should therefore be designed to limit the deceleration of the vehicle, but not
effect the vehicle performance too much. The following sections present a control strategy
which limits the deceleration of the vehicle by a proper control of the CVT and at the same
time does not effect the ICE. The control must also avoid over-speeding the outer rotor during
the gearing of the CVT (8.12), since the IET has a limited speed difference of 2000 rpm
between the outer and the inner rotor. Alternative control strategies are discussed at the end of
Chapter 8.

The driver is modelled as previously mentioned as a PI-controller. The driver can accelerate
and brake the vehicle or use electric or hybrid mode. The driver has to follow a speed
characteristic given by a drive cycle such as the FTP 75, which implies that the driver has no
information concerning the future i.e. the driver observes the new commanded speed when he
or she passes the speed sign. This is not a realistic driver, but still good enough. By tuning the
PI-controller parameters the driver can be more aggressive or more gentle. Figure 8.5 shows a
description of the signals handled and produced by the driver. The output signals from the
accelerator and the brake pedal are limited which means that the driver cannot use infinitely
large signals.
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Figure 8.5: Principal driver signals

The accelerator in conventional vehicles is used as a command signal to increase or decrease
the opening of the throttle valve of the ICE i.e. a direct torque command. This will affect fuel
consumption and emissions due to the transient operation of the ICE. More advanced ICE
controllers combines the accelerator signal, a request of higher/lower torque at the wheels,
with for example throttle opening, gearing of the gearbox and some correction in the ignition
timing and air-fuel mixture to optimise the ICE operation. The most obvious command in the
IET-drive from the accelerator i.e. the driver, is to change the gear ratio of the CVT. This will
directly influence the torque at the wheels. However this is not possible as the IET-drive is a
non-minimum phase system. With this control strategy the driver is forced to control the non-
minimum phase behaviour, which is an impossible demand on the driver. Therefore the

. In the IET drive, the
driver command is thus interpreted as a power command and then transformed to a wheel
torque.

The brake pedal controls a modelled friction brake at the wheels, combined with regenerative
braking with the IET, see section 8.13. Regenerative braking is used both in hybrid and
electric mode.

The transition between electric and hybrid mode is limited by the drive status such as the gear
ratio in the CVT, which is described later in the ICE and the CVT control. The transition
conditions are given in section 8.11.

In electric mode the vehicle is driven solely by the IET. The inner rotor of the IET is then
locked and the IET is then controlled as a normal PM-machine. In other words, the torque in
the IET is controlled by the difference of the output shaft speed and the reference speed. In
hybrid mode the IET must control the ICE speed, see equation (8.10). The IET torque is thus
controlled by the speed difference of the inner rotor or ICE reference speed and its actual
speed, see Figure 8.6.

PI IET
1

1,ref = ICE,ref T1,ref

Figure 8.6: Principle control signals of the IET in hybrid mode
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If the speed is the same, the IET torque is equal to the ICE torque. If the ICE speed is less
than the reference, the IET torque is higher than the ICE torque. Similarly if the ICE speed is
higher than the reference, the IET torque is less than the torque produced by the ICE, see
(8.10). The outer rotor speed in hybrid mode has to follow the gearing of the CVT according
to equation (8.12), since there is a mechanical coupling between the outer rotor and the input
shaft of the CVT.

Figure 8.7 shows the control circuit of the IET prototype.
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Figure 8.7: Control circuit of the IET prototype. The ICE is simulated with a 7.5 kW DC-
motor. The switching frequency of the inverter is 5 kHz and the currents are
sampled with 10 kHz.

The control of the IET prototype is handled by three PI-controllers; two for current (direct and
quadrature current) which then give a voltage reference and one for speed. Both inner and
outer rotor positions must be measured for control purposes as the control is based on the
angular difference of the rotor positions, see the dq-equations given in section 5.2.
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In block 1 of Figure 8.7 a selection is made with regard to which rotor that is to be controlled
by the inverter. In electric mode the inverter controls the outer rotor and in hybrid mode it
controls the inner rotor. Block 2 performs the Park-transformation of the three-phase currents
into dq-currents using the relative difference of the inner and outer rotor positions, equation
(5.8) in section 5.2. Block 3 calculates the three-phase current ib from the two measured phase
currents. Block 4 is the inverse Park transformation of the dq-voltages into three-phase
voltages, equation (5.9) in section 5.2.

For the simulation of the drive, as explained earlier, the IET is modelled as a torque and two
inertias. The demanded IET torque from the drive-control, can be produced at the same
instance of time as it is demanded due to a fast torque control of the IET, compared with the
time constants of the mechanical system. The current controllers for the quadrature and direct
axis current have the same parameters in the IET-prototype control circuit. Furthermore, the
inductance in the quadrature and direct axis are equally large, see section 6.9. Therefore the
step-responses of the current in the direct and the quadrature-axis are the same. Figure 8.8
shows a current step in the direct axis with the measured phase currents. Observe that the time
scale is given in milliseconds.
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Figure 8.8: Current step of 0.5 per unit in the direct axis. The time zero, when the sampling
in the control system starts is different to that of the sampled current, where the
time is set by the oscilloscope.

The cross-coupling between the d-axis and q-axis currents is small and the bandwidth of the
current controller can be calculated [188] by measuring the 10%-90% current rise time of the
closed-loop system, tr, as
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=
2

9ln (8.19)

for a first order system which is the case for the current step in Figure 8.8. The bandwidth of
the IET current controller is then 582 Hz. The current sampling and the control is made at a
frequency of 10 kHz. This result is sufficient evidence to conclude that the dynamic of the
IET torque control is much faster and has no influence on the slower dynamics of the vehicle
drive. It is thus verified that the IET can be modelled in the drive simulations as a torque and
inertias.

The inverter is not modelled in the drive simulation as the time constants of the inverter are
much smaller than those of the drive. However an inverter with 600 V, 450 A IGBT’s has
been redesigned and used in the test of the IET prototype. The inverter is controlled by a
PWM-modulation card, which gets its reference signals from the DSP-controller system. The
inverter is operated at a constant switching frequency of 5 kHz. The inverter and its control
equipment are shown in Appendix F and the control program of the DSP in Appendix E.

The integrated energy transducer has been tested on two test-benches with and without load
on the output and input shaft of the IET. Figure 8.9 shows a step response of the outer rotor
speed when it is connected to a large 220 Nm DC-machine and the inner rotor is driven by a
small 7.5 kW DC-motor. The large DC-machine is braking the outer rotor with a constant
torque of 20 Nm plus its friction and the inertia of the DC-machine. As can be seen the inner
rotor is decelerated when a positive torque, TIET, is applied to the outer rotor according to
equation (8.10), where T1 is produced by the small 7.5 kW DC-motor. After one second the
small DC-motor control has adjusted its speed. Furthermore, the current pattern is changing
after 0.1 second, since the outer rotor speed becomes higher than the inner rotor speed i.e. the
IET is operated as a generator before the step and operates as a motor thereafter. It is not a
perfect speed control as the overshoot in speed is ten percent.
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Figure 8.9: Outer rotor speed step, at a load of 20 Nm.

Figure 8.10 shows a similar step in speed, but the rotational speeds of the inner and the outer
rotor are the same before the step takes place. Thus the IET operates as a motor throughout
the step, as can be seen by comparing the current waveforms in Figure 8.10 with those in
Figure 8.9. Since the speeds of the two IET rotors are the same before the step, the frequency
of the phase currents are zero i.e. the currents are DC-currents as can be seen in Figure 8.10.
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Figure 8.10: Speed step of the outer rotor, at a load of 20 Nm. Observe the inner and the
outer rotor start at the same speed, thus we have DC-currents in the IET before
the step.

Figure 8.11 shows a step of the outer rotor speed from a higher to a lower speed with a
constant torque of 20 Nm. Since the IET torque is negative, as can be seen by the sign of the
quadrature current, the inner rotor is accelerated, see equation (8.10).
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Figure 8.11: A step down of the outer rotor speed at a load of 20 Nm.
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The IET is operated as a motor before the step and later as a generator, as can be seen in
Figure 8.11. After 1.3 seconds the quadrature current becomes zero and consequently the
phase currents as well, since the direct current is controlled to be zero. After 1.3 seconds iq is
increased because of the load torque of 20 Nm.

The transient torque applied in the IET and shown in the last figures, follow equation (8.10),
which enables a transient operation of the IET torque in order to achieve a fast speed control
of the ICE without changing the ICE torque, thus maintaining the amount of fuel injected at
each cycle. This is further described in the ICE control section 8.8.

The IET has been tested on a smaller test bench where the inner rotor was driven by the same
7.5 kW DC-machine as above, but the outer rotor was connected to a 37 kW inverter fed
induction motor. This was done since the inertia of the large DC-machine is too large to
observe an effect on the outer rotor speed when controlling the inner rotor. In this test bench
the IET was tested with and without load connected to its shafts, however, the dynamic
control of the induction machine under load was not perfect as only a Volt/Hertz control was
used. Figure 8.12 shows a start up of the inner rotor when the outer rotor is rotating i.e. the
IET is going from electric to hybrid mode.
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Figure 8.12: Start-up of the inner rotor and no-load on the shafts.

The outer rotor will not vary in speed as the inertia of the vehicle is larger than the used 37
kW motor and the CVT is actively controlled to limit the torque transients at the wheels.
Observe that when iq is negative, the inner rotor speed is increasing. This is because of the
convention adopted in the IET-system i.e. the definition of the d-axis and the choice of rotor
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for which the direction of positive rotation is defined. The IET control system is set-up to give
a positive acceleration of the outer rotor for a positive iq-current and consequently a positive
torque. Consequently, a negative iq current produces a positive torque on the inner rotor.

Figure 8.13 shows the results when the inner rotor reference speed is set to zero and the ICE is
switch off.
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Figure 8.13: Step down of the inner rotor at no load.

The testing of the IET both in the hybrid mode in which the IET torque is controlled by the
inner rotor speed, and in the electric mode, in which the IET torque is controlled by the outer
rotor speed, were successfully carried out.

The control of the ICE speed 1 is based on two parameters; the IET torque and the fuel
injection which corresponds to the torque produced by the combustion of fuel in the ICE. In
hybrid mode, the drive is intended to operate at rated torque of the IET in order to maintain a
high efficiency of the drive. The ICE power is controlled to deliver the average wheel power
plus the additional power needed for fans, headlights, instruments etc.. Thus in steady state,
the ICE is operated with a slightly higher speed than the outer rotor (8.5). The average power
is calculated by multiplying the calculated IET torque with a low pass filtered outer rotor
speed signal, see Figure 8.14.
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Figure 8.14: Principal control scheme of the ICE.

The steady-state working point of the ICE is therefore changing slowly, typically 15-20 s. The
time constant of the low pass filter is 20 seconds in the simulations. To reach the highest
possible efficiency of the ICE, the requested torque follows as much as possible the optimum
operation line, OOL, of the ICE. The used ICE characteristic is shown in Figure 8.15 below.
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Figure 8.15: OOL characteristic used in the simulations of the drive.

The OOL is based on the ICE shown in Figure 3.8, section 3.5.2, consequently in the
simulations a gear of 1.22:1 has been used in between the ICE and the IET, otherwise the IET
cannot operate at rated torque. This has no significant effect on the dynamic behaviour of the
IET-drive.

The speed reference to the ICE, ICE,ref, is the low pass filtered outer rotor speed, this speed
variation is slow and is therefore controlled by the ICE itself. However the ICE also has a
transient control of the speed. The transient control is required during fast transients, like
power demanding accelerations, when the IET power (outer rotor speed) is not sufficient. The
transient control of the ICE speed is handled with the IET torque. The ICE speed can be
controlled by reducing or increasing the IET torque while having the ICE torque fixed
according to (8.10). The transient speed change of the ICE is fast since only the ICE itself and
the inner rotor are accelerated by the torque difference between the IET and the ICE.

When the driver requests a fast speed decrease of the vehicle i.e. less power demand, the
transient control of the ICE is not used. This is because the IET torque is then increased,
which produces a higher torque at the wheels, resulting in a small acceleration of the vehicle
initially. This is not acceptable since it would be uncomfortably for the driver to sense an
acceleration instead of the demanded deceleration. Therefore the ICE torque is decreased
instead.

The ICE can operate at high torque down to rather low speeds i.e. low wheel torque since the
gear ratio spread of the CVT is high 2/3:1-8:1. This give a high efficiency of the ICE even
though the ICE is not operated along the OOL. The large gear spread of the CVT makes it
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possible to operate the ICE at constant high torque, if the demanded torque at the wheels
(after the CVT) is higher than 63 Nm i.e. 95/(2/3)=63Nm. When the demanded wheel torque
is lower, the ICE torque must be reduced (in hybrid mode) as the lowest gear ratio is 2/3:1.
The CVT control and its gearing, is therefore important for the efficiency of the ICE and is
described in the next section.

The CVT is affected by several signals of which the most important is the power reference i.e.
the position of the accelerator given by the driver. The CVT should decouple the ICE torque
from the wheel torque and at the same time be controlled in such a way that the outer rotor is
not over-speeded. When the CVT is geared the outer rotor speed is changed due to the
mechanical coupling, thus the gear ratio of the CVT must be limited when the vehicle
accelerates i.e. an interaction with the transient control of the ICE speed is necessary. The
outer rotor speed is kept lower than 6000 rpm in hybrid mode and lower than 2000 rpm in
electric mode due to the prototype construction. The IET prototype is rated at 19.9 kW, 95
Nm and 2000 rpm is the maximum speed difference of the rotors. If the control does not allow
the outer rotor speed to change according to the gearing, the ICE torque cannot be kept
constant.

To achieve a high efficiency in the CVT, the torque on the input shaft to the CVT should be
high and the speed low. The CVT is therefore geared as shown in Figure 8.16. Therefore the
CVT is operated at R=2/3:1 at low wheel torques, making it possible to operate the ICE and
the input shaft of the CVT at high torque.

TIET

95 Nm 8:1

R

40 Nm
R=2/3:1

R

TIET

Accelerator
demand

100 %0

Figure 8.16: Control strategy for the gear ratio and the torque of the drive.

From equation (8.14), shown again below, we can observe the non-minimum phase behaviour
of the system

+
=

2
2

22 . (8.14)

When the CVT is geared to increase the wheel torque >0, the third term becomes negative
i.e. we have a negative torque contribution. The same is valid when R is decreased but the
third term becomes positive. Therefore the CVT must be controlled to minimise the non-
minimum phase phenomena to avoid uncomfortable and unexpected behaviour of the system



Control of the IET drive Chapter 8

195

for the driver. Thus the driver controls the power demand and not a torque demand. This is
done by controlling R with a cascade coupled control structure as shown in Figure 8.17.

Accelerator
pedal

-1
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PD P G1(s) G2(s)
R 2 Outer rotor

speed

Figure 8.17: Cascade coupled control structure.

In principle G1(s) is the CVT model for the gearing i.e. an integrator and G2(s) is an
integration of

+
+

=
2

2

22
2

2 . (8.12)

To limit the retardation during acceleration due to the non-minimum phase, a maximum
allowable retardation of w is set to 0.5 rad/s2. In the initial stages of the gearing, the two first
terms in equation (8.14) cancel each other and Jw>>J2. The maximum allowable rate of
change becomes

222
max

196== (8.20)

where Jw is calculated by (3.15) and J2 by (8.8). However, the gearing cannot be infinitely fast
at high outer rotor speeds, as the gearing speed is limited mainly by hydraulic pumps in the
CVT. The maximum allowable rate of change of the gear ratio is set to 5 s-1, in other words it
takes 2.4 seconds to go from 2/3:1-8:1. Thus even if the outer rotor speed is high, which make
it possible to have a fast gearing, the gearing is limited by the internal control of the CVT.
Figure 8.18 shows an acceleration of the vehicle with an old control algorithm without
gearing limitations.
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Figure 8.18: Acceleration without gearing limitations.

The vehicle retardation during the gearing of the CVT is 1 km/h and the gearing takes 1
second before the vehicle starts to accelerate. Figure 8.19 shows an acceleration from 70 km/h
in hybrid mode with a limitation of the gearing of the CVT. The speed is decreased by 0.07
km/h and the acceleration is delayed by less than 0.5 seconds.
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Figure 8.19: Full acceleration in hybrid mode from 70 km/h

Gearing up of the CVT is the vice versa of gearing down, where gearing down implies a
change of gear ratio from 2/3:1 to 8:1. Consequently the vehicle tend to accelerate (8.14)
before it reaches its desired speed (an overshoot in speed). This is because the kinetic energy
stored in the outer rotor is transferred to the vehicle. The energy will be transferred to the
vehicle independent of the rate of change in gear ratio,  in the CVT. A slow control of ,
when gearing up, will cause a slow control system and result in problems for the driver.
Therefore the maximum rate of change when gearing down should be 3-4 times larger
than max given in (8.20). To limit the overshoot in speed at an extreme retardation in hybrid

mode, the ICE is preferably switched off.

During the simulation of the IET drive, no special attention is given to the battery state of
charge, SOC. The battery control is a matter of control strategy for energy efficiency
optimisations, mainly depending on how the ICE is operating i.e. if it is on or off. The
operation of the ICE is extremely dependent on the amount of battery used in the vehicle. This
study has not been carried out and is outside the scope of this work. During the simulations,
the ICE is controlled to deliver the average wheel power and during one FTP 75 cycle the
battery pack will be slightly discharged. However, the battery control can be simply achieved
if the power reference to the ICE is made to track some function of the SOC. For example, the
ICE can be started when SOC is below 40 percent and switched off at 80 percent SOC, and of
course, the ICE must be started when the power demand at the wheels is higher than installed
electric power of the drive. Some battery control strategies and modelling of batteries can be
found in [124].
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In order to detect the desired drive mode and to take proper actions, transition condition
monitoring is required, which is a part of the control logic block shown in Figure 8.2, section
8.3. The transition conditions are implemented in the simulation model given in Appendix G.
The transition conditions can be synthesised by Karnaugh-diagrams [10].

The input signals for controlling the IET-drive state are

a=hybrid mode (demand from the driver)

b= 1<100 rad/s (ICE speed is less than 110 rad/s)

c=R<1 (CVT gear ratio is higher than 1:1, i.e. 2/3 up to 0.99:1)

d= 1>50 rad/s (ICE speed is higher than 50 rad/s).

The output signals for the transition conditions of the IET-drive are:

ICE state (ICE on or off),

hybrid mode (detect that it is hybrid mode),

inhibit accelerator (when the ICE is started the accelerator is disconnected) and

brake ICE (brake the ICE output shaft mechanically).

The Karnaugh diagram for the ICE-state is shown in Table 8.1.

        cd

00 01 11 10

00 - 0 0 -

01 0 0 0 0

11 0 1 1 1
ab

10 - 1 1 -

Table 8.1: Karnaugh diagram for the ICE-state.

The condition for ICE-state becomes

+= . (8.21)

The Karnaugh diagram for hybrid mode is given in Table 8.2 below.

        cd

00 01 11 10

00 - 1 1 -

01 0 0 0 0

11 0 0 0 0
ab

10 - 1 1 -

Table 8.2: Karnaugh diagram for hybrid-mode.
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The condition for hybrid mode is

=mod . (8.22)

The Karnaugh diagram for inhibition of the accelerator pedal is shown in Table 8.3 below.

        cd

00 01 11 10

00 - 1 1 -

01 0 1 1 0

11 1 1 1 1
ab

10 - 0 0 -

Table 8.3: Karnaugh diagram inhibition of the accelerator.

The condition is then for the inhibition of the accelerator

+= . (8.23)

The Karnaugh diagram for braking the ICE is presented in Table 8.4 below.

        cd

00 01 11 10

00 - 0 0 -

01 1 0 0 1

11 0 0 0 0
ab

10 - 0 0 -

Table 8.4: Karnaugh diagram for braking the ICE.

The condition for braking the ICE is then

= . (8.24)

The drive has been simulated dynamically, in which the time steps are much shorter than the
standard 1 second given by the drive cycles ECE 15 and FTP 75. However, only the FTP 75
cycle is discussed as it gives more interesting results and has a more realistic drive pattern.
During the simulations the IET is operated below or at rated power i.e. maximum 95 Nm and
a speed difference of 2000 rpm between the rotors. The ICE is not operated on its maximum
curve i.e. the torque is only at the OOL or below the same. The purpose with the simulations
is to demonstrate the possibilities of the IET-drive, but also its weak points, which can easily
be eliminated or disguised by a more transient operation of the ICE.

For a better understanding of the IET-drive control and the interaction between CVT and IET
control algorithms an acceleration in electric mode is shown in Figure 8.20. Observe, there are
no non-minimum-phase phenomena in electric mode, as the IET torque can be varied.
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Figure 8.20: Acceleration 0-50 km/h in electric mode.

Figure 8.20 shows the gearing during an acceleration from standstill to 50 km/h in electric
mode. At t=1 second the driver presses the accelerator and the CVT is gearing down, i.e. R is
increasing. The outer rotor is accelerated (8.12) and the vehicle starts to accelerate (8.14). At
t=5.8 seconds the outer rotor reaches its maximum speed of 2000 rpm relative to the inner
rotor, which is at standstill. The over-speed control of the outer rotor interferes with a
continuing increase of the gear ratio and starts to gear up the CVT. At t=9.8 seconds the driver
starts to let up the accelerator as the speed is 50 km/h, the CVT starts to gear up to decrease
the wheel torque and the outer rotor speed decreases. The MATLAB /Simulink simulation
model is given in Appendix G.

The high speed part of the drive cycle FTP 75 requires hybrid mode of operation, which
clearly highlight the IET-drive characteristics. Figure 8.21 shows the speed of the vehicle
together with the demanded speed of the FTP 75 cycle.
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Figure 8.21: High speed part of the FTP 75 drive cycle. The vehicle is lagging the FTP 75,
mainly due to a lack of power.

It can be seen that the driver cannot exactly follow the demanded speed curve. The reasons for
the delay are; that the driver is modelled as a PI-controller and does not accelerate the vehicle
until it passes the speed sign. Further the values of the PI-controller (driver) parameter also
affect the characteristic of the speed curve. But there is also a small time delay due to the non-
minimum phase behaviour of the drive, created by the CVT and its control. Because of the
non-linearity of the drive, the time delay varies with the vehicle speed, but the delay is
approximately 0.4 seconds at a speed of 70 km/h as can be seen in Figure 8.19.

In Figure 8.21 we can observe that around t=195 seconds the driver cannot follow the
required speed. This is due to the lack of power in the IET. The outer rotor reaches its
maximum speed and thus the ICE power must be increased. The transient control of the ICE
speed then temporarily reduces the IET torque, see Figure 8.22, in order to increase the ICE
speed and consequently its power. Torque is then "taken" from the wheels and used to
accelerate the output shaft of the ICE and the inner rotor according to equation (8.10).
Consequently, the acceleration of the vehicle is reduced (8.14), which explains why the driver
cannot follow the required speed given by the FTP 75 cycle. This phenomena, however, can
easily be eliminated if the ICE torque is subject to a transient change i.e. instead of decreasing
the IET torque to accelerate the ICE, the ICE torque is increased when a lack of power in the
IET is detected. The lack of power in the IET drive in hybrid mode is always a lack of speed
between the rotors and not a lack of torque.
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Figure 8.22 shows the ICE operation during the high speed part of FTP 75 where the transient
control of the ICE, according to equation (8.10), can be clearly seen.
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Figure 8.22: ICE speed during the high speed part in the FTP 75 cycle.

Figure 8.23 shows the outer rotor speed and the gearing of the CVT. Compare the outer rotor
speed variation with the ICE speed or the inner rotor speed variation in Figure 8.22. It is
obviously from this comparison, that the power variation is mainly taken from the battery
which indicates that an installed electric power of 19.9 kW for this size of car (1200 kg) is
rather sufficient. Observe that in Figure 8.23 the outer rotor speed follows the gearing of the
CVT since they are mechanically connected to each other.
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Figure 8.23: Outer rotor speed and gearing of the CVT during the high speed part of the
FTP 75 drive cycle.

The ICE operating points during the high speed part of the FTP 75 cycle are shown in Figure
8.24. It can be seen that the torque is constant and high most of the time. Compare the
operating points with the OOL in Figure 8.15.
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Figure 8.24: ICE operating points during the high speed part of the FTP 75 cycle. Only
every 100 simulated torque and speed point is shown due to large result files.

The ICE torque is decreased after large power demanding accelerations since the ICE speed
must be decreased, otherwise there will be an overshoot in speed as discussed earlier.

Discussion

The electric power installed in the IET drive is only 19.9 kW, and therefore during high
power demanding accelerations, with a non-transient operation of the ICE, the gear ratio is
increased rapidly. The power taken from the battery is increased and the outer rotor speed is
increased. Since the installed electric power is small it requires a fast control of the ICE
speed. This gives a lack of power during large accelerations, but it can be avoided if the
installed electric power is increased, which will also imply a larger speed difference between
the rotors. The speed difference between the rotors sets the power limit and below the limit,
the ICE can operate with a constant torque and speed. The more installed electric power, the
more steady-state operation of the ICE can be achieved.
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The start of the ICE, when the vehicle is operating in electric mode, takes 2-3 seconds see
Figure 8.25. The delay is due to the fact that the inner rotor and the combustion engine must
be accelerated and the CVT must be geared up. To start the ICE a negative torque is produced
by the IET, which gives a retardation of the vehicle by 1.2 km/h, see Figure 8.25.
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Figure 8.25: Start of the ICE in electric mode at a speed of 70 km/h.

The gearing of the CVT is performed in order to minimise the torque transient at the wheels,
caused by the negative IET torque when the ICE is started. After that the ICE has started, the
CVT is geared down again.

To switch-off the ICE takes approximately one second, see Figure 8.26. The delay is caused
by the same reasons as when starting the ICE, however, it is faster since the brake on the ICE
output shaft helps to brake the ICE and the inner rotor. The brake is modelled as a friction
brake.
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Figure 8.26: Stop of the ICE i.e. hybrid to electric mode.

Regenerative braking in the IET-drive, in electric mode, is the same as for conventional
electric vehicles i.e. applying a negative torque in the electric motor. However, regenerative
braking in hybrid mode is not effective. This is one of the weak points in the IET-drive. The
difficulty lies in the fact that the power is controlled by the difference in rotational speeds
between the inner and the outer rotor.

Regenerative braking cannot be performed by a negative torque since the ICE will be
accelerated (8.10). The only energy consumed is the kinetic energy built up when the inner
rotor is accelerated, which is not enough to brake a vehicle.

Gearing down, R  8:1 and switching off the ICE, will only transfer the kinetic energy of the
vehicle (8.14) into the outer rotor (8.12), which is also not enough to brake the vehicle.

If the outer rotor is rotating at a lower speed than the inner rotor, the IET operates as a
generator, but it cannot brake the vehicle. The only parameter which can brake the vehicle is a
negative torque at the wheels. Thus regenerative braking is not possible to any larger extent in
hybrid mode of the IET-drive. All braking must, in principle, in hybrid mode be performed by
the mechanical brakes. Is this a significant draw-back for the IET-drive?

It is not an advantage, but it is not a major drawback either. Regenerative braking requires
approximately two times the maximum installed electric power. For the IET-drive, an
acceleration from 0-50 km/h in electric mode, with rated torque and power, takes almost 8
seconds, see Figure 8.20. The maximum allowed time to brake the vehicle from 50 km/h to
standstill is probably not more than 4 seconds i.e. it requires some 40 kW of braking power.
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At higher speeds the regenerative braking power becomes even more, at least during
emergency braking. Consequently, the IGBTs in the inverter must be rated for the
regenerative braking power, since IGBTs cannot be operated with higher current or voltage
than rated values. This will add cost to the drive. Electric machines do not have the same
limitations, since they have a larger volume where the heat can be absorbed during shorter
overload operations. Furthermore the battery must be able to absorb the power and that is
dependent on the state of charge and the amount of batteries used in the vehicle. The trend in
hybrid vehicles is to use less batteries, since they are bulky and expensive. Therefore a
complete absorption of the regenerative braking power in hybrid mode into the battery is not
possible, not even in conventional hybrids. Adding supercapacitors or flywheels for absorbing
the power are possible, but is still expensive and will only add further cost to the drive.

Regenerative braking in electric mode is more important, since electric mode is mainly used
in city areas. This implies more starts and stops than in hybrid mode, and less braking power.
However the efficiency of regenerative power is poor, since it must be transferred through
several components. Assume an electric vehicle drive in which the components have the
following efficiencies: battery=0.9, motor=0.9, fix gear=0.98 and inverter=0.97. The
efficiency of the regenerative power is then 0.59, since it goes both from the battery to the
wheels and back again. From the FTP 75 cycle in city areas, one can calculate that
approximately 45 percent of the energy for the propulsion of the vehicle is lost in the
mechanical brakes (could be less losses for light weight vehicles as it depends on weight,
friction, air-drag etc..). Consequently, the possible energy to recover is 0.45·0.59=0.27. Thus
an electric vehicle with an installed battery energy to give a driving distance of 120 km, can
drive 30 km longer with regenerative braking than an electric vehicle without regenerative
braking, in theory. In reality, it might be 10-20 km, depending on the power capability of the
battery and efficiency of the components. The cost of flywheels, inverter or supercapacitors
must be taken into account and weighed against what a possible buyer is willing to pay for the
extra driving range.

In conclusion, the IET-drive has the disadvantage of lacking the regenerative braking in
hybrid mode. But regenerative braking is possible in electric mode, where it is most important
due to the more starts and stops which generally occur in electric mode. Furthermore a vehicle
cannot rely on regenerative braking of the vehicle in case of emergency. Therefore all
vehicles are equipped in any case with mechanical brakes, which can brake the vehicle to
standstill under all possible conditions.

The control algorithm based on a limitation of the rate of change in the gear ratio, in order to
limit the retardation of the vehicle, can be replace or combined with a transient operation of
the IET torque. The acceleration of the vehicle is given by

+
=

2
2

22 (8.14)

and by increasing the IET torque the negative torque contribution of the third term can be
eliminated. However this will effect the speed of the ICE
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,

1
1 +

= (8.10)

which will decelerate, while the outer rotor speed is not affected during the gearing operation

+
+

=
2

2

22
2

2 . (8.12)

This control method will move the non-minimum phase from the wheels, to the ICE.
Example, if the outer rotor speed 2 is 4000 rpm, J2=0.25 kgm2, JICE+Jinner=0.25 kgm2

and =0.47 given by (8.20). The IET torque must then be increased with 49.2 Nm to
compensate the third term. However the sum of first two terms, will after some time during
the gearing contribute with a smaller positive torque, but that is neglected.

If the gearing takes 0.3 s, the ICE speed is decreased by 564 rpm, which is rather much. The
speed difference between the inner and the outer rotor is at the same time increased by the
same amount. This could lead to difficulties, since the ICE power is decreased and the battery
power increased. Therefore the power required to accelerate the vehicle and the ICE power
lost during the gearing, must be taken from the batteries. The ICE power can only be
increased if its torque is increased during the acceleration. Consequently the installed IET,
inverter and battery power must be larger, compared to the required power with the previously
described control algorithm.

The effect the transient decrease of the rotational speed of the ICE must also be taken to
account, with regard to efficiency and emissions. Therefore this control method seems to be
difficult to realise and is not recommended.
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A preliminary efficiency of the drive has been calculated with an optimum control of the
CVT. The CVT efficiency is calculated with data from [57] and shown in Figure 8.27.

Figure 8.27: Efficiency of a belt driven CVT named Ecotronic from ZF.

The ICE efficiency has been calculated by engine data for a diesel engine with less torque
capability than the IET, see Figure 3.8 in section 3.5. Therefore a fix gear was placed in the
simulations between the ICE and IET and its efficiency is set to 0.98. The IET efficiency is
set to 0.9, but reaches 0.94 see section 6.7. The reasons for the use of rough estimations in
efficiency, is because CVT’s have a significant spread in efficiency depending on the used
gear. Since there is no built or tested CVT with the rating used in the simulations, it is
impossible to give an accurate efficiency of the drive, over a complete drive-cycle. However
as can be seen in Figure 8.22 the ICE is operate most of its time on the OOL at a high torque.
The CVT, however, uses its complete gear ratio span see Figure 8.23.

The battery efficiency is set to 0.9 and the inverter efficiency to 0.95. Additional losses of 1
kW for fans, headlights etc. are included when calculating both system and drive efficiency.
When calculating the system efficiency the ICE and the battery are included. The drive
efficiency includes only inverter, IET and CVT. The efficiency curves are shown in Figure
8.28.

In hybrid mode no power is fed into the battery and 1= 2. The drive efficiency in hybrid
mode is higher then the electric mode above 7 kW. Thus, at higher power demands than 7 kW
the hybrid mode is to be preferred. The system efficiency is always better in electric mode. At
33 kW the efficiency increases since the battery is delivering power to the wheels. At 35 kW
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(140 km/h steady state) the additional loss of 1 kW is produced by the battery as it is
discharged.
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Figure 8.28: Estimated efficiency in electric and hybrid mode

Observe that these efficiency curves are only estimated optimum curves and not any
simulated efficiency curves from a drive cycle.
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In this thesis a patented hybrid electric vehicle drive, the integrated energy transducer drive
has been presented, designed and investigated. The control algorithms for the drive are given
and the complete drive has been dynamically simulated in a FTP-75 drive cycle. Furthermore,
an integrated energy transducer prototype has been designed, its construction presented
together with measurements which have been compared to theoretically calculated values.
Dynamic test results of the IET-prototype have been investigated and presented with its
control.

The major contributions of the thesis are the integrated energy transducer drive for hybrid
electric vehicles, its equations and control, together with the design and construction of the
integrated energy transducer.

The novel integrated energy transducer drive for hybrid electric vehicles, is based on a
different drive concept than the conventional series or parallel drives. The main components
in the drive are an integrated energy transducer (IET), an inverter, a battery, a continuously
variable transmission (CVT) and an internal combustion engine (ICE).

The main demands on a hybrid electric vehicle drive, are to reduce the emissions, increase the
fuel efficiency, utilise the possibility to drive without an operating combustion engine and try
to maintain the performance of a conventional combustion driven vehicle. To fulfil the first
two demands, it is vital that the ICE should be operated at a constant high torque and constant
moderate speed, consequently without a transient operation, as presented in Chapter 2.

Further in Chapter 2, a number of different hybrid electric vehicle drives have been presented.
Some of these hybrid electric vehicle drives fulfil the first two demands, some do not. Some
of the drives that fulfil the first two demands have sometimes many components, high power
ratings of the components or are too complex. However, there are interesting solutions which
fulfil the first two demands. The third and the fourth demands, are principally fulfilled by all
hybrid electric drives. However, the performance depends on the installed power of the drive.
Drives that fulfil the fourth demand, but not the first two demands, normally have fewer
components with low power ratings, e.g. the parallel hybrid drive.

The integrated energy transducer drive was presented in Chapter 3. The number of
components of the drive, is comparable to a parallel hybrid drive. The IET-drive contains only
one electric machine, the IET, and one inverter, just as is the case in a parallel drive.
However, the drive requires a more advanced gearbox, CVT, than the conventional parallel
drive. The rated power of the electric components, is the same as that of the battery, just as for
the parallel drive, but the IET must be designed for the torque of the ICE.

The IET-drive enables the ICE to operate at its most efficient points of operation, in steady-
state at a high torque. The use of the integrated energy transducer enables a free choice of the
ICE speed, while the CVT enables the ICE to operate at a constant torque. Thus the IET-drive
fulfil the first two demands on a hybrid electric vehicle.
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The IET-drive enables the vehicle to be solely driven by batteries, which is the third demand,
while the fourth depends on the installed power of the drive, just as for all drives. The IET-
drive has a built in limp-home function, in case of inverter failure in hybrid mode, when the
IET can be made to operate as an asynchronous machine. It can also be operated as a stand-
alone power supply. The ICE is started by the IET, thus a separate starter motor is not
required. Furthermore, the component requirements of the complete drive and the selection of
CVT gear ratio have been specified in Chapter 3. Finally, a design procedure of the complete
drive is presented.

In the engine bay of a car the available space is limited, which sets volume constraints on the
IET. Therefore the torque density is an important parameter. The outer rotor concept was thus
favoured, which besides decreasing the volume also simplifies the magnet retention. A solid
steel cylinder should be used as an outer rotor, which makes the rotor structure rigid. Further,
the surface mounted magnet design, with a high back-emf and low inductances, was chosen in
order to achieve a high torque production below base speed and at the same time attain a high
power factor, which minimise the rated power of the inverter. The centrifugal forces acting on
the end-windings of a radial flux machine, are reduced in the outer rotor concept. The IET is
not needed to be designed for field-weakening, since the field-weakening characteristic is
achieved by the CVT.

It was pointed out in Chapter 4, that the rotor containing the three-phase winding, should be
connected to the ICE. This is favoured to limit the centrifugal forces, acting on the end-
windings of a radial-flux machine. By connecting the rotor containing the winding to the ICE,
the peripheral speed of the sliprings is limited, thus limiting the risk of conducting problems
between brushes and sliprings. This connection, however, requires a brush lifting device in
electric mode. The PMSM is favoured, compared to the brushless DC (BLDC) machine
design, since it utilise its magnet material more efficiently. Furthermore, the rotor position
equipment could not be simplified for a BLDC design. Another PM-machine topology was
pointed out as an interesting IET design, the axial flux Torus machine.

In order to have the best efficiency of the complete IET-drive, the IET must be designed with
a high torque and low rotational speed difference between the rotors. This enable the
efficiencies of the ICE and CVT to be high, since a CVT should be operated with a high
torque and low speed at its input shaft, in order to reach a high efficiency.

It was found in Chapter 5, that a pole number of 12 seems to be a good compromise, between
volume constrains and efficiency optimisation of the IET. The three-phase winding should be
star-connected with series connected coils, to eliminate circulating currents induced by the
magnets. The volume constrains of the IET and a high pole number, limits the number of slots
per pole per phase, q, for mechanical reasons, but a low q gives high torque density. However,
as shown in Chapter 7, skewing a surface mounted PM-machine with q=1, will reduce the
torque production by 3.5-4.5 percent. For q larger than two, the torque loss is negligible. The
skew was shown to have a positive effect on reducing the electromagnetic torque ripple,
besides the cogging torque cancellation.

The measurements on the constructed IET prototype in Chapter 6, agreed well with calculated
values, besides the inductance. A large part of the total phase inductance, was leakage
inductance. At ambient temperatures of 60-70 C, an airflow of 55-62 litres/second would be
sufficient to cool the IET. The measured efficiency of the prototype was 0.93-0.94 at rated
power. The sliprings did not cause any problems during the testing, despite the fact that
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standard sliprings and brushes were used. Furthermore, the inner rotor shaft was not heated by
induced eddy-currents, which makes it possible to use standard magnetic steel.

The controllability of the drive was shown in Chapter 8, where the control of the IET and the
drive was presented. It was verified, that the ICE in the drive can operate at an arbitrarily
torque and rotational speed in hybrid mode. The derived dynamic equations of the IET-drive,
show that the drive is a non-minimum-phase system. This can be observed in hybrid mode,
when the CVT is geared. In electric mode, the IET torque can be varied and thereby the
minimum-phase behaviour of the drive vanishes. In hybrid mode after large acceleration, the
non-minimum phase behaviour requires that the fuel injection (torque production) into the
cylinders of the ICE, must be decreased. However, the non-minimum phase phenomena can
be controlled, and the acceleration lags only 0.4 s at 70 km/h and the speed decrease is less
than 0.1 km/h. In electric mode there is no lag.

The dynamic simulations of the drive in the FTP-75 drive cycle, showed that an installed
electric power of 19.9 kW, was not enough for a 1200 kg vehicle during large accelerations.
This lack of power, made it impossible for the driver to completely follow the commanded
speed during a large acceleration. Furthermore the simulations showed, that the ICE can be
started while operating in electric mode and be switched off in hybrid mode. Dynamic tests of
the IET-prototype verified the operation of the IET according to simulations and theory.

In electric mode, regenerative braking is the same as for a conventional electric vehicle. In
hybrid mode, regenerative mode cannot be achieved. However, it was shown in Chapter 8 that
this is not a major drawback of the IET drive.

There are still many properties remaining to investigate in the IET-drive, since the complexity
of hybrid electric vehicle drives is high and the drive is still young. One of the more
interesting ideas, is to design an IET which is intended to be mounted into a hybrid electric
vehicle. Before a vehicle implementation, the efficiency of the complete drive must be
determined in a FTP-75 drive cycle. This requires that the CVT technology is determined,
together with its efficiency, as a function of torque, speed and gear ratio. The amount of
batteries required, must also be determined together with the required size of the ICE.
Furthermore, a cost analysis should be made on the complete drive.

Before the radial flux, surface mounted PM-IET is fully adopted, a Torus (axial flux) design
of the IET should be investigated.

When the IET machine topology is to be determined, the focus must be put on the cooling
arrangement. Further, the placing of the sliprings and brushes must be decided, taking into
consideration the possible required maintenance and cooling.

The mechanical layout of the integration of ICE, IET and CVT must be considered e.g. where
should the brake be mounted, how should the lifting of the brushes in electric mode be
arranged, possibilities of removing one or two bearings and of one resolver.

A complete sensorless control of the IET-drive should be investigated. This reduces the cost
of the drive, since both resolvers can be removed. Furthermore, a multivariable control should
be investigated as it has the potential to improve the performance of the drive during gearing.
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a acceleration [m/s2]

Ab total brush surface area [cm2]

ACu,wire copper area of a single conductor [m2]

Av frontal area of a vehicle [m2]

(A/F)s stoichiometric air to fuel mixture

(A/F)actual actual air to fuel mixture

BD flux density limit for irreversible demagnetisation [T]

B ,rms rms value of the airgap flux density [T]

ˆ peak value of the airgap flux density [T]

Bm rectangular magnet airgap flux density [T]

Br remanence flux density [T]

Bskew,m torque producing skewed magnet airgap flux density [T]

ˆ peak airgap flux density produced by the stator currents [T]

CD drag coefficient

Cfs Carters factor

CM torque coefficient

cp specific heat of a gas at constant pressure [kJ/(kgK]

CR rolling resistance coefficient

cv specific heat of a gas at constant volume [kJ/(kgK]

D airgap diameter [m]

E induced back-emf [V, p.u.]

fs electrical stator frequency [Hz]

ge magnetic airgap length [m]

hback stator back thickness [m]

HD magnetic field strength limit for irreversible demagnetisation [A/m]

IBLDC squared waved phase current [A]

id, iq dq currents [A, p.u.]
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Is rms phase current [A]

is stator current [A, p.u.]

JCu current density [A/mm2]

Jw inertia of a vehicle [kgm2]

J2 inertia of the outer rotor and the input shaft of the CVT [kgm2]

kp1 coil pitch factor of the fundamental

kskew1 skew factor for a continuous skew of one slot pitch

kstack stacking factor for the iron lamination

ku1 distribution factor of the fundamental

kw1 winding factor of the fundamental

L active axial length of a machine [m]

Lactive,Cu active copper length [m]

Lengthend-winding total length of the end-windings [m]

Ld, Lq dq-axis inductances [H]

ld, lq per unit dq-axis inductances [p.u.]

Ldm, Lqm magnetising inductance [H]

Lls leakage inductance [H]

lm magnet thickness [m

Lring inductance of a ring in free air [H]

Ls synchronous inductance [H]

ls per unit synchronous inductance [p.u.]

Lslot slot leakage inductance [H]

Lwinding total stator winding length [m]

m number of phases

m number of magnets in the axial direction

mvehicle vehicle mass [kg]

n rotational speed [rpm]

Ns number of stator winding turns per phase

ns number of conductors per slot

p number of poles

pb brush pressure [N/cm2]

Pbattery battery power [W]
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Pbr brush friction losses [W]

pe effective mean pressure in a cylinder during one cycle [N/m2]

pf mean pressure to overcome the mechanical friction losses [N/m2]

Pfriction air friction losses [W]

pi indicated mean pressure of a combustion engine [N/m2]

PICE, P1 power of an Internal Combustion Engine [W]

Pinverter power of the inverter [W]

Pload road load power [W]

Ppeak peak power [W]

P2 input power to the CVT [W]

q number of slots per pole per phase

Q total number of slots

R gear ratio

rate of change of the gear ratio in a CVT [s-1]

r airgap radius [m]

Re Couette Reynolds number

max maximum rate of change of the gear ratio in a CVT [s-1]

Rmax maximum gear ratio

Rmin minimum gear ratio

rnumber radius of object with the given number [m]

Rplanetary gear ratio between the sun and the ring gear of a planetary gear

Rq end-winding radius of concentric mush-windings [m]

Rspan gear ratio span

rs stator resistance [ ]

Rv gear ratio of a variator

rwheel wheel radius of a vehicle [m]

r0 radius of a CVT disc when R=1 [m]

s slip of an asynchronous machine

s Laplace operator

slife driven distance of a vehicle during its lifetime [km]

Sv vehicle speed [km/h]

S1 fundamental rms current loading [A/m]
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T torque [Nm]

tacc acceleration time [s]

TCu operating temperature of the copper [  C]

Tdrive input torque to a gearbox [Nm]

Te torque [Nm]

te per unit torque [p.u.]

Tgenerator generator torque [Nm]

TIET IET torque [Nm]

TICE, T1 Internal Combustion Engine torque [Nm]

tlife lifetime of a vehicle [hours]

tr current rise time of a closed-loop system [s]

Tripple torque ripple caused by one magnet [Nm]

Ttot total torque ripple [Nm]

Tw wheel torque [Nm]

T2 input torque to the CVT [Nm]

ud, uq dq-voltages [V, p.u.]

Ul-l fundamental line-line voltage [V]

v peripheral speed of the sliprings [m/s]

Vs the stroke volume or the piston displacement [m3]

Vteeth volume of the teeth [m3]

Vyoke volume of the yoke [m3]

w width of a CVT belt [m]

wm magnet width [m]

Wairgap energy store in the airgap [J]

z number of cylinders of an ICE

half the angular width of the magnet [rad, ]

m ratio of magnet pole angle to electric pole width

s electrical angle between two stator slots [rad]

skew skew angle [ ]

angle between stator current vector and permanent magnet flux [rad]

CVT half of the slot angle, between two discs in a CVT [rad]

load angle [rad]
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mechanical airgap length [m]

e effective airgap length including the effect of stator slots [m]

r variation of the disc radius in a CVT [m]

T winding temperature rise [ C]

d, q stator flux linkage in dq-frame [Vs]

ICE level of pressure increase of an ICE

m magnet flux linkage [Vs, p.u.]

s total stator flux linkage [Vs]

compression ratio of an ICE

adiabatic exponent

relative air/fuel ratio of an ICE

phase angle between stator voltage and stator current [rad]

ˆ peak flux in the stator back [Vs]

ˆ peak airgap flux [Vs]

ICE the load coefficient of an ICE

angle between stator current and the q-axis [rad]

CVT efficiency of a CVT

ICE total efficiency of an ICE

IET efficiency of the IET

m mechanical efficiency of an ICE

system efficiency of the system

t theoretical efficiency of a piston engine (ICE)

friction coefficient

fr friction coefficient of the brushes

r relative permeability of the magnets

v,air dynamic viscosity of air [Ns/m2]

0 permeability of free space [H/m]

air density of air [kg/m3]

Cu copper resistivity [ m]

e iron lamination density [kg/m3]

r iron lamination resistivity [ m]
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stroke factor of an ICE

p pole pitch [m]

s slot pitch [m, ]

1 inner rotor position [rad, ]

2 outer rotor position [rad, ]

angular speed [rad/s]

drive input angular speed to a gearbox [rad/s]

w angular speed of the wheels [rad/s]

1 angular speed of the ICE and the inner rotor of the IET [rad/s]

2 angular speed of the outer rotor of the IET [rad/s]
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Figure 12.1: Phasor diagram for a salient pole PM-machine.

The active power in a phase is
cos= (12.1)

where  is the phase angle between the voltage us and the current is shown in Figure 12.1.
Exchanging  with the load angle  and angle   in Figure 12.1 we obtain,

( ) ( )sinsincoscoscos +== . (12.2)

From Figure 12.1 the current can be expressed in d- and q-quantities as

cos= . (12.3)

sin= . (12.4)

Combining (12.2), (12.3) and (12.4) gives

sincos= .
(12.5)

From Figure 12.1 we further obtain
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+=cos (12.6)

and

=sin , (12.7)

where

Xd - is the impedance in d-direction

Xq - is the impedance in q-direction

e - is the induced voltage (back-emf).

Combining (12.5), (12.6) and (12.7) gives the phase power

( )+= .
(12.8)

The induced voltage e is in the PM-machine produced by the magnets,

= , (12.9)

where m is the magnet flux linked with the stator winding and s is the electrical
synchronous angular speed. Rewriting (12.8) with (12.9) gives the phase power

( )= . (12.10)

The torque of the PM-machine can be calculated as

( )[ ]===
22

3
. (12.11)

where m is the mechanical angular speed and p the number of poles. Equation (12.10) is the
power in the dq-system and is the power of the three-phase system, if the transformation
between the three-phase system and the dq-system is done with respect to power. The power
invariant transformation is

+

+
=

3

2
sin

3

2
sinsin

3

2
cos

3

2
coscos

2

3 (12.12)

For amplitude invariant transformation, section 5.2, are the voltages and the currents
transformed by

+

+
=

3

2
sin

3

2
sinsin

3

2
cos

3

2
coscos

3

2 (12.13)

where  is the rotor position relative the stator. The torque expression for the amplitude
invariant transformation becomes
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( )[ ]=
22

3
.

(12.14)

The units of the variables in (12.11) are Nm for torque, Weber for m, Ampere for id and iq,
and Henry for Ld and Lq.

The voltages are from Figure 12.1 where ud and id are in the negative d-direction gives

+= . (12.15)

The voltage in the q-direction

++= . (12.16)

From Figure 12.1 the flux linkage become

+= (12.17)

= . (12.18)
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A per unit model of PM-machines has been described by dnanes [141] and used in the
thesis. The chosen per unit system has base values to give one per unit stator current, voltage
and flux linkages at one per unit speed, when rated (max continuous) currents give the
maximum obtainable torque.

The base value for the voltage is:

max3

2=
(12.19)

where Umax is the maximum output voltage of the inverter, as well as the rated rms value of
the line-line voltage. The other base values are

Current:

2
,

2
,2 +== (12.20)

flux linkage:

( ) ( )2
,

2
, ++= (12.21)

angular electric frequency:

= (12.22)

impedance:

= (12.23)

inductance:

= (12.24)

power:

2

3= (12.25)

angular mechanical speed:

2
, = (12.26)

torque:

,

= (12.27)

The dq-model in per unit values becomes for the voltages:
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+= 1
(12.28)

++= 1 (12.29)

flux linkages:

+= (12.30)

= (12.31)

torque:

( )== (12.32)

mechanical model:

( )= 1
(12.33)

= (12.34)

where  is the angular frequency in per unit speed. In (12.33) a mechanical time constant is
introduced and defined as

2

2

22

3
= (12.35)

m is the time taken to accelerate the unloaded machine from zero to rated speed with one per
unit torque. The per unit torque corresponds actually to a value greater than the rated torque
with the chosen per unit system.
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How to select the per unit parameters of PM-machines is shown in this appendix. First the
selection of the parameters of the salient pole PM-machine is shown.

Above base speed, the current and the voltage are limited by the machine and the inverter to
one per unit. The current limit is

1222 ==+ (12.36)

and the voltage is limited by

== 1 (12.37)

giving

1= . (12.38)

The stator flux linkage can be expressed as

( ) ( )222 ++= (12.39)

giving the voltage limit above base speed as

( ) 222
2

1 ++= . (12.40)

The choice of the parameters for field weakening is made by (12.37) and (12.38) giving the
maximum speed

=
=

=
=

++
== 1

1

011

min,
max . (12.41)

The maximum speed can be obtained by choosing a suitable combination of m and ld which
will fulfil the requirement. m=ld gives an infinite maximum speed. The optimum q-axis
current as a function of id

= 2 (12.42)

The quadrature inductance in per unit can then be determined. Combining equations (12.36),
(12.39) and (12.42) the currents can be expressed as
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( ) ( )
( )2

2222

2

8

84 +++
= (12.43)

( )
( )

+
=

4

8 22

(12.44)

and the flux linkage

( ) ( ) 12 222 =+++ (12.45)

The quadrature axis inductance, in per unit, is finally solved by iteration of (12.45), the
currents are given as a function of lq, hence m and ld is given by (12.41). Table 4.2, in
section 4.5.2 gives used per unit values of different salient pole PM-machines.

For the non-salient pole PM-machine the per unit parameters, m and ls, are far more simpler
to choose than the salient pole PM-machine parameters. The maximum speed, the magnet flux
linkage and the inductance are chosen from

==
2max

1

11
. (12.46)

when the maximum speed is chosen, m and ls are linked to each other. Table 4.1 in section
4.5.1 gives used per unit values of different non-salient pole PM-machines.
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MATLAB  program for calculation of the magnet flux density in the airgap based upon
[147].

clear

%Parameters of the PM-machine%

Br=1.1; myr=1.06; my0=4*pi*1e-7; lm=5e-3; alfam=0.65;

%alfam=pitch of the magnet / pole pitch i.e TauM/TauP;

delta=1.5e-3; tata=0; p=4; %number of poles

%The program plots airgap flux density of halfe a pole for p=4

%rr=radius below the magnet. rr=0.01 gives 0.6 T, rs=radius tto the stator surface

for rr=0.01:0.02:0.2

% If you insert rr=0.09 you will get ONE curve where the radius below the magnet is constant

%rr=0.09;  % Just take away % before rr=0.09

rs=delta+hm+rr;

rm=rr+lm;

n=1; m=1; o=1; B=0;

taeta=0:0.01:0.78;     % 0.78 is equal to 45 mechanical degrees or 1/4 of a machine

%Observe taeta is a mechanical angle in radianer for more degrees set 1.57 = half machine

%that is +-(pi/2)/(number of poles/2)

for  tata=0:0.01:0.78

for n=1:2:99

   M(1,m)=((2*Br*alfam/my0)*sin(n*pi*alfam/2))/(n*pi*alfam/2);

   Prod1=my0*M(1,m)/myr;

   Prod2=2*n*p/((n*p/2)^2-1);

   Prod3=(rm/rs)^(n*p/2+1);

   Term1=(n*p/2-1);

   Term2=2*(rr/rm)^(n*p/2+1);

   Term3=(n*p/2+1)*((rr/rm)^(n*p));

   Term4=((myr+1)/myr)*(1-(rr/rs)^(n*p));

   Term5=((myr-1)/myr)*((rm/rs)^(n*p)-(rr/rm)^(n*p));
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   %Calculation of the airgap flux density%

   Bdelta(1,m)=[Prod1*Prod2*Prod3*(Term1+Term2-Term3)/(Term4-
Term5)]*cos(n*(p/2)*tata);

   B=B+Bdelta(1,m);

   m=m+1;

   n=n+2;

   end

  Bairgap(1,o)=B;

  o=o+1; B=0;

end

%Plot of airgap fluxdensity

hold on

plot(taeta*180/pi,Bairgap)

grid

xlabel(’mechanical degrees’);

ylabel(’T’);

title(’Airgap fluxdensity’)

end
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The C-program for controlling the IET is based on a Digital Signal Processor, DSP, system
from dSPACE GmbH, Germany.

/* Control program for the IET */

/* Include mathematical functions from dSPACE */

#include <brtenv.h>

#include <math.h>

#include <ds4001.h>

/* Sampling the resolver signal as a digital value, uses 12 bits i.e. the last four bits are zero*/

/* max is 216=65536 and the resolvers have 2 poles.*/

#define max     65536

#define pi         3.1415926

#define DT      96e-6                    /* Sampling time is set by the PWM-card */

#define Comv 121.35922         /*current conversion factor as the A/D=10 V, and the current is
measure by a LEM-module. LEM-module=1:2000 and the resistance where the voltage is
measured over is R=164.8 ohm*/

#define Uborst  1.1815                      /* Uborst is the voltage drop in a brush */

#define Rs         0.0248375                /* Winding resistance*/

#define Ls         0.498091e-3              /* Inductance value used in the control*/

#define PSIM    61.92859e-3

/* The base values for per unit conversion */

#define Ubas     114.3095213

#define Ibas       120.2081528

#define Zbas      0.950929855

#define Sbas      20611.4046

#define wbas     1327.018581

#define Lbas      0.716591213e-3

#define J             0.142                     /* Inertia [kgm2] */

#define Umax    140

#define psibas    86.14010604e-3

/* Used machine parameters in per unit */
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#define L            0.695083878

#define psim      0.718928648

#define rs           0.026119171

#define Uborste  0.008439285

#define always  (;;)                      /* Function which check if the currents should be sampled */

/* Sets the d-axis with I=maximum in phase a and out in phase b and c. */

/* The inner angle from the resolver is vinkel_inre and from the outer rotor position
vinkel_yttre, with the values of vinkel_inre=+0.170274321 radians and vinkel_yttre=+1.479
radians. These angles are then subtracted from the measured position , taeta i.e. taeta=0
degree in the d-axis*/

/* dSPACE function */

volatile int *error=(int *)(DP_MEM_BASE+DP_MEM_SIZE-1);

float dummy=0,sintheta=0,costheta=0,vinkel_inre=0,vinkel_yttre=0,resolver1=0,resolver2=0;

float ua=0,ub=0,u1=0,u2=0,u3=0,ia=0,ib=0,ic=0,y1=0,y2=0,y3=0,id=0,iq=0;

float dud=0,duq=0,idr=0,iqr=0,idfel=0,iqfel=0,oidfel=0,oiqfel=0;

float dtref=0,kpn=0,kin=0,tref=0,tref_lim=1.0,ulim=1.0;

float nyttre=0,nyttre_ref=0,delta_nyttre_ref=0.0,onfel=0,nfel=0,wyttre=0;

float kpd=0,kpq=0,kid=0,kiq=0,u=0,ud=0,uq=0;

float MAXDELTA=0.05,SPEED_FILTER_CONST=0.002;

float ID=0,IQ=0,Iw,ninre=0,winre=0;

float delta_yttre=0,delta_inre=0,delta_yttre_old=0,delta_inre_old=0;

float vinkel_inre_old=0,vinkel_yttre_old=0;

float delta_tata=0,delta_tata_old=0,t=0,oldbit=0, bit=0,idf=0,iqf=0;

int skillnad=1,start=0, stop=0, lika=0;

/* Initiation of the digital I/O-cards */

void initiera()

{

ds4001_pio_init(DS4001_1_BASE,DS4001_IN_0|DS4001_IN_1|DS4001_OUT_2|DS4001_I
N_3,DS4001_NON_STRB_0|DS4001_NON_STRB_1|DS4001_NON_STRB_2|DS4001_NO
N_STRB_3);

ds4001_pio_init(0x80,DS4001_IN_0|DS4001_IN_1|DS4001_OUT_2,DS4001_NON_STRB_
0|DS4001_NON_STRB_1|DS4001_NON_STRB_2);

}

/* Interrupt routine */
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void sample()

{

/* Start programs in dSPACE where the control is performed */

service_cockpit();

service_trace();

/*Enable to AD2S83 which converts the analog resolver signals into digital bits. Enable is
given to AD2S83 to fix the bits on its output */

ds4001_bit_out(DS4001_1_BASE, 0x00010000, 0x00000000);

ds4001_bit_out(0x80, 0x00010000, 0x00000000);

/*The output bits must be stable before they are read, therefore is a dummy calculation
made*/

dummy=9*9*sin(1.62*pi);

dummy=1+2+3+4/1;

/*Starts the DSP from Cockpit, via a programmed button*/

if (start==1)

   {

   /*Reads the 12 bits from AD2S83, both the inner and the outer rotor position*/

   resolver1=ds4001_bit_in(DS4001_1_BASE,0x0000FFFF);

   resolver2=ds4001_bit_in(0x80,0x0000FFFF);

   /* Read the currents*/

/* Added minus signs since the torque changes direction due the current definitions is for an
inner rotor motor. The IET is an outer rotor motor*/

start_ds2001(0x00);                                             /*The analog card, A/D */

   y1=-(Comv*ds2001(0x00,1)+0.125);              /* adjusting an off-set in the LEM-modules*/

   y3=-(Comv*ds2001(0x00,2)-0.15);

   y2=+(-y1-y3);                                                 /*Calculates the third current*/

   /*Outer and inner rotor positions */

   vinkel_yttre=-6*((resolver2/max)*2*pi)+8.965;      /*The IET has 12 poles. Angle in
radians*/

   vinkel_inre=+6*(((resolver1/max)*2*pi))-4.998+pi;     /*The resolvers are mounted in
different positions i.e. a rotation to the left in the outer gives a negative rotation for the inner
rotor resolver. */

   /*Security check of the currents, switches off the test set-up if the current is too high.*/

   if (abs(y1)>165 || abs(y2)>165 || abs(y3)>165) stop=1;
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   /*Calculated the speed*/

   delta_yttre=vinkel_yttre-vinkel_yttre_old;

   delta_inre=vinkel_inre-vinkel_inre_old;

   /*Filter for the position */

   if ( delta_yttre>MAXDELTA || delta_yttre<-MAXDELTA) delta_yttre=delta_yttre_old;

   if ( delta_inre>MAXDELTA || delta_inre<-MAXDELTA) delta_inre=delta_inre_old;

   /*Speed filter*/

   wyttre+=SPEED_FILTER_CONST*(delta_yttre/DT-wyttre);

   winre+=SPEED_FILTER_CONST*(delta_inre/DT-winre);

   nyttre=60*wyttre/(6*2*pi);    /*12poles*wbas */

   ninre=60*winre/(6*2*pi);

   /*Updating the old angle*/

   vinkel_yttre_old=vinkel_yttre;

   vinkel_inre_old=vinkel_inre;

   /* Updating the old angle difference*/

   delta_yttre_old=delta_yttre;

   delta_inre_old=delta_inre;

   /*Calculate cos  and sin */

   sintheta=sin(vinkel_yttre-vinkel_inre);

   costheta=cos(vinkel_yttre-vinkel_inre);

   /* -transformation where y1,y2 and y3 are the sampled currents*/

ia=(0.6666667*(y1-0.5*(y2+y3))/Ibas);

   ib=(0.6666667*(0.866025*(y2-y3))/Ibas);

   /* dq-transformation*/

   id=costheta*ia+sintheta*ib;

   iq=-sintheta*ia+costheta*ib;

   /* Speed controller */

   /*nyttre_ref=delta_nyttre_ref; */     /* ninre+delta_nyttre_ref;*/

if (skillnad==0)

       {

       delta_nyttre_ref=+ninre; /* Due to cogging it is hard to have the same speed, here is a
control possibility where the speed is set the same of the inner and outer rotor*/
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       }

nfel=(delta_nyttre_ref-(+nyttre))*6*2*pi/(60*wbas);

/* PI-controller with anti-windup of the integrator */

   tref=kpn*((1+kin)*nfel+Iw);      /* Torque reference */

/* Limits the torque command */

   if (tref>tref_lim) tref=tref_lim;

   if (tref<-tref_lim) tref=-tref_lim;

   Iw+=DT*1/(1+kin)*(tref/kpn-Iw); /* Integral part of the controller */

   /* Voltage controller*/

   idr=0.0;

   iqr=tref;

   idfel=idr-id;   /*  0.1-id;*/

   iqfel=iqr-iq;    /*  0.00-iq;*/

   ud=kpd*idfel+ID-iq*L*(wyttre-winre)/wbas;

   uq=kpq*iqfel+IQ+id*L*(wyttre-winre)/wbas;

   u=sqrt(ud*ud+uq*uq);

   /* Voltage limitation*/

   if (u>ulim)

   {

   uq=uq/u;

   ud=ud/u;

   }

   /*Update integrators */

   ID+=DT*kid/kpd*(ud-ID+iq*L*(wyttre-winre)/wbas);

   IQ+=DT*kiq/kpq*(uq-IQ-id*L*(wyttre-winre)/wbas);

   /* inverse dq-transformation */

   ua=costheta*ud-sintheta*uq;

   ub=sintheta*ud+costheta*uq;

   /* inverse -transformation*/

   u1=ua;

   u2=-0.5*ua+0.866025*ub; /* sin(2*pi*f*t);*/

   u3=-0.5*ua-0.866025*ub;
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    /*Stops the system from Cockpit via a programmed button*/

    if (stop==1)

       {

       u1=0;u2=0;u3=0;

       start=0;stop=0;

       Iw=0;ID=0;IQ=0;      /* Avoid integral wind-up at STOP */

       }   /*Stop*/

       /* New voltage reference which are given to the PWM-card for controlling the inverter */

       ds2101(0xE0,1,u1);

       ds2101(0xE0,2,u2);

       ds2101(0xE0,3,u3);

       /*Enable off to AD2S83, which convert the resolver signals into digital bits*/

       ds4001_bit_out(DS4001_1_BASE, 0x00010000, 0x00010000);

       ds4001_bit_out(0x80, 0x00010000, 0x00010000);

  }     /*Start*/

}      /*Sample*/

float i=0;

/*Main program*/

main()

{

        *error=NO_ERROR;

        initiera();

        /*Reads the synchronous sampling signal from the PWM-card at the digital I/O number
IO24 (pin 9) and bit=224 if high*/

        for always {

             bit=ds4001_bit_in(DS4001_1_BASE,0x01000000)/16777216;

             if ((bit-oldbit)>0)  { sample(); }

             oldbit=bit;

             }

}
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The water cooled inverter was originally designed for induction machines. The original
electronics have been removed and replaced with electronics suitable for PM-machines.

Figure 12.2: Inverter used for controlling the IET-prototype.

The gatedriver cards were modified with among others, a smaller gate-resistance, since they
were not constructed to drive IGBTs of 450 A and 600V. Each gatedriver card has a 100 kHz
switched power supply to fed the gatedrivers, and they give an inductive coupling of 100 kHz
to the control system. The ferrite cores mounted on the wires from power supply to the
gatedriver cards, Figure 12.2, reduced this disturbances to acceptable levels. Simple RC-
snubbers were used in order to limit the voltage over the IGBT due to the switching, since the
DC-link voltage was 250 V and the IGTBs were only for 600 V.

The six gatedriver signals, two for each inverter leg, were produced by an analog PWM-card,
Figure 12.3, which also creates a synchronous sampling signal of twice the switching
frequency of 5 kHz.
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Figure 12.3: Analog PWM-card, with synchronous sampling signal.

The PWM-card is supplied from one phase 230 V AC. The 3-phase voltage references to the
PWM-generation are given by the DSP in the PC. The PWM-card had to be modified after
some testing. Some voltage controllers became overheated and started to oscillate. This was
hard to detect as when measuring on their output they became more stable, due to some
additional capacitance from the probe. However adding capacitance was not enough since
some voltage controllers were extremely hot, therefore was a large heat-sink mounted besides
the PWM-card see Figure 12.3.

In the test system only two currents are measured and the third calculated as the IET is a
symmetrical three-phase system. The measurement circuit, Figure 12.4 below, is outside the
inverter and placed in a box of metal in order to avoid disturbances. However the main
disturbances came from the gatedriver cards and a damaged resolver cable.

The rotor positions of the IET were converted from analog-values into digital signals.
Thereby reducing the cost of the DSP controller board, since digital I/O’s are cheaper than
analog input-cards. The resolver positions are converted into 12 digital bits for each rotor. The
resolvers are supplied from the conversion card and also protected from possible short circuits
in the supply, since it is troublesome to replace a damaged resolver in the IET-prototype.
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Figure 12.4: Current measurements

Figure 12.5: A/D conversion of the resolver signals
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The IET-drive has been simulated in Matlab /Simulink. Figure 12.6 shows the top-level for
the simulation, where the Driver block has been described in section 8.6 and the Dynamic
equations in section 8.4. The state of charge, SOC, is calculated as energy before the start of
the drive cycle and then is the energy out or in to the battery summarised.
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Figure 12.6: Simulation model in Simulink.

Figure shows the block Control logic block with the transitions condition from section 8.11
and the cascade coupled control structure of the CVT see Figure 8.17 in section 8.9.
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Figure 12.7: Control logic with the transitions condition block.




