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PREFACE

I n the transport sector t he Amorng areel ectr

gaining attention in order to reduce energy and increase
efficiency and reliability and at the same time to reduce
emissions and maintenance costs. Many examples can be found: from

road transport, where hybrid electric vehicles are gaining
populari ty, to the sea transport, where the electric drive

propulsion system is a very active and fast - growing research area.
In this general frame, aerospace applications have found that the
progressive electrification of on - board services is a way to

reduce or t o remove the dependence on hydraulic, mechanical and
the bleed air/pneumatic systems.

The technological process in the transport sector has brought
significant improvements . Currently it is expected a continuation
of this growth, especially as regards the freight traffic. They
are, therefore, considerable pressures from aviation manufacturers
for the improvement of new aircraft in terms of safety, emissions
and noise. Growing interest to adopt new technologies on board the
aircraft, and it is widely agreed that the entire aviation system
should be profoundly rethought. In this sense, the concept of
greatest impact on the architecture of the aircraft is summed up
in the expression More Electric Aircraft (MEA), which indicates
the increasing adoption of electr ical systems instead of
conventional hydraulic, pneumatic and mechanical systems.

For the future it is expected that the new generation of civil
aircraft require high electrical power to meet the growing demand
for electrical loads of the aircraft. And the n next to the MEA
concept is born the More Electric Engine (MEE), in which one or
more electrical machines integrated into the engine aeronautical
performing functions of generation and start - up.

In order to use the MEA/MEE, the most important technology is
undoubtedly the power electronics. However, aerospace applications
present some challenging conditions for electronic systems; There
are still a number of studies to be carried out to make
improvements in terms of weight, cost and reliability of the
sys tems. A significant improvement in machines and electric drives
for applications MEA can certainly come from the use of multi -
phase drives.

The field of study of multiphase machines is a relatively new
field and in great development, but it is already pos sible to say
that these machines are able to provide better performance than
three phase. This technology, is characterized by a number of
issues that make it attractive in comparison to conventional
systems.



Multiphase systems, allow to redistribute powe r at a higher
number of phases, thus making possible the construction of
electronic converters which otherwise would be very difficult to
achieve due to the limits of present power electronics. Multiphase
drive have an intrinsic reliability thanks to the f act that
failure on one phase, caused by the possible failure of a
component of the converter, can be solved by reducing performance
of the machine.

The control of the magnetic spatial harmonics in the air
with order higher than one allows to reduce torque noise and to
obtain high torque density motor.

The aerospace specific requirements in terms of lightness,
reliability, cost, fault tolerance, fault propagation, harsh
ambient conditions and standard compliance have challenged the
body of knowledge a nd the creativity of the electrical designers
both in the industry and academic environments. In the past years
many EU projects and initiatives have been developed to explore
the MEA/MEE concepts. The research results have already brought to
the developme nt of many electric devices that are now installed in
large civil aircraft by Airbus and Boeing, which are the beginning
of the adoption of the MEA concept.

During the Ph.D. course several themes have been developed that,

while obtaining the recent and gro wing interest of scientific
community, have much space for the development of research
activity and for industrial applications

a

-gap






Chapter 1
TOOLS FOR AUTOMATIONELECTROMAGNETIC
FINITE ELEMENT ANALY SIS ABOUT
ROTATING ELECTRICAL MACHINES

1.1 | NTRODUCTION

The initial purpose of these first activity was to develop some
tools for automating electromagnetic finite element analysis of
rotating electrical machines.

The analysis of a generic electromagnetic structure consists in
the study of the distribution of the electrom agnetic fields that
develop inside the structure studied and particularly so in the
region of the air gap.

Usually one of the first steps to be taken in the design of
rotating electrical machine, is the geometric design in a CAD
(Computer - Aided Design). In fact, consolidated knowledge of CAD
applications have to dedicate a lot of time to both the design of
the lamination geometric (which could also show complex geometry)
that the setting of the relevant physical parameters responsible
for simulation develop ment environments prone to simulation (FEMM
by David Maker, Flu By Cedrat, MagNet By Infolytica, etc.).

These operations are repetitive but essential and in this
context we find the development of a software package that
automates the operations, giving ea sy access to the simulations
and a safe time savings.

In particular the work done personally has been the development

of a software that integrates directly with FEMM (open source
software for analy sing electromagnetic finite element) and
automatically gen erate some geometries of laminations relative to

rotating electrical machines.

In order to achieve the result shown in this discussion,
reference was made to the knowledge assodate thanks to the courses
of machines and electrical drives, performing a job a nalysis of
the problems closely related to the design of such machines. In
this work has been supported a study of the tools necessary for
the development of the software and in particular the techniques
of parametric design.
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The results were the basis of the development of " Lua Motor
they have allowed to associate with specific aspects of the design
of electric machines and computer tools that enable the creation
of parametric models.

as

The global solution obtained is therefore the result of a survey
aimed at obtaining tools characterized by ease of use and
reliability of the results, these features allowed thanks to the
knowledge of both aspects of the design, electromagnetic and
computer science. These qualities make the software developed a
useful and important in the design phase of machines and
electrical drives.

1.2 FINITE ELEMENTANALYSIS WITH FEMM

FEMM (Finite Element Method Magnetics) is a suite of programs for

solving low frequency electromagnetic problems on two - dimensional
planar and axisymmetric domains. The program currently addresses
linear/nonlinear magnetostatic problems, linear/nonlinear time

harmonic magnetic problems, linear electrostatic problems, and

steady - state heat flow problems.

FEMM is divided into t hree part:

1. Pre - processor
2. Solver
3. Post - Processing

The Pre - Processor sets the problem both from a geometrical point
of view, and to a physical point of view, defining the materials
and the boundary conditions of the system.

The p hase Solver consists in analysis to the computer calculations
necessary to the solution of the problem.

The phase of Post - Processor allows, finally, an accurate an alysis
of the results obtained.

1.2.1 PARTIAL DIFFERENTIAL EQUATIONS

FEMM addresses S 0me l'i mi ting cases of Ma x we
magnetics problems addressed are those that can be considered as

Al ow frequency probl ems, 0 ement gulrants ban dei spl ac
ignored. Displacement currents are typically relevant to magnetics

problems only at radio frequencies.

11



1.2.2 MAGNETOSTATICPROBLEM

Magnetostatic problems are pro blems in wich the fields are
time - invariant. In this case, the field intensity (H) and Flux
Density (B) must obey:

no0 0 (1-1)
ntd Tt (1-2)
subject to a constitutive relationship between B and H for each
material:
6 ‘0 (1-3)
If the material is nonlinear (e.g. saturating | ron or Al Ni Co

magnets), the permeability, pu is actually a function of B:

5
: - 1-4
08 (1-4)
FEMM goes about finding a field that satisfies (1-1) - (1-3) viaa
magnetic vector potential approach. Flux Density is written in
terms of the vector potential, A, as:
6 n 0 (1-5)
Now, this definition of B always satisfies (1-2). Then, (1-1) can
be rewritten as:
p o ,
n —nN 0 v 1-6
— (1-6)
For a linear isotropic material (and assuming the Coulomb gauge
nto ), eq. (1-6) reduces to:
Pis o (1-7)
FEMM retains the form of (1-6), so that magnetostatic problems
with a nonlinear B - H relationship can be solved.
In the general 3 - D case, A is a vector with three components.
However, in the 2 - D planar and axisymmetric cases, two of these
three components are zero, leaving just the com ponent I n t

of the pageo direction.
12



The advantage of using the vector potential formulation is that

all the condition to be satisfied have been combined into a single

equation. If A is found, B and H can then be deduced by
differentiating A. The for m (1-6), an elliptic partial
differential equation, arises in the study of many different types

of engineering phenomenon.

1.3 ABOUT A IUA MOTOR

The program created for the satisfaction of the features set out

above, "Lua Motor", was developed through the Visual Basic .NET
language. Visual Basic .NET (VB.NET) is a multi - paradigm, high
level programming language, Implemented on the .NET Framework.

The software "Lua Motor" allows you to create a generic plate of a

motor directly in FEMM . Along with this software have created a
set of libraries ready to interface with FEMM using another
language, Lua (Version 4.0) . So it's easy to understand how it is
possible to create a design abandoning the traditional method
(mouse and keyboard) in fa vour of a programming approach.

The possibilities of using these two languages cover a wide range

of applications but in this case only a small part of them have

been exploited. This discussion will be given particular attention

given to the problems conce rning geometric constructions,
especially in view finite element study.

1.3.1 AIMS OF LUA MOTOR

Verified the usefulness of the software capable of generating the
drawing, it is important to establish the characteristics that it
must possess.

First, the software needs to be effective and therefore must
perform a correct drawing corresponding to reality and compatible
to the needs of the remaining simulation environment.

Second, the software must be easy to use (user - friendly), that is
capable of being able to bui ld the chart pattern starting with

little information that must be able to be communicated to the

application in a simple and intuitive.

13



The ease of use also involves the efficient management of the
errors that may occur, due, for example, the inconsisten cies of
the data provided by the user.

In response to these needs the software has a series of solutions,
listed below, which have led to the final result shown in this
discussion:

1 To ensure the efficiency of the software and a correct

execution of the des ign has been conducted a study on the
geometric construction of the different types of laminations

which the application is able to generate. Have been
identified for each type of design of the basic parameters

(and not redundant so as to minimize the numb er) on which you

can go to reconstruct the whole geometry of the sheet. This

was achieved by identifying the Cartesian coordinates of each

point necessary for the construction of lines and arcs of a

circle belonging to the design and making use of
trigonom etric and algebraic tools. This will ensure that the
fundamental equations obtained, the design generated based on

the starting parameters provided by the user always
corresponds to what it really means to represent.

1 Compatibility with both development env ironments (Lua Motor
and FEMM) has necessitated the creation of geometries
specifically designed for the simulation program and the
possibility to store some data, related to the design
generated in text files with a specific st ructure.

1 The first aspect of ease of use, that is the opportunity to
create the drawing starting with little information, is
closely linked with the first of the points outlined here and
also justifies the reason for the minimization of the basic
parameters. The user, in fact, to be able to realize the
design, will only have to indicate some specific measures for
the sheet of interest.

1 The simplicity of communication with the program suggested
the importance of the development of a graphic interface able
to guarantee a simple procedur e for the input of data, as
well as the possibility of using text files, as well as an
interface for FEMM , also as a data base from which to
quickly recall previously created projects.

Importantly, it has come to the development of such solutions
graduall 'y and in response to the needs that, carrying on the work,
were to occur.

14



At first it has been an increased attention to the development of

that part of the software that allow to generate the drawing

(Library Lua) and immediately with it has been taken i nto
consideration the possibility of creating interface files. At this

stage of development are followed those concerning the graphical

interface.

1.3.2 USING THE "L UA MDOTOR

The first step to use Lua Motor is run the file LuaMotor.exe on a
Windows Operating Sys tem. After launching the application will
open the GUI (Graphical User Interface), see Figure 1-1.
iy Lua Motor = =

Lamierino Estemo | Lamierino Intemo | Cava Rettangolare | Cava Rotonda | Doppia Gabbia | Arco Estemo | Arco Intemo | Halbach | Riluttanza Arco | GeometriaFix

Tipologia di cava
(®) Cava "Tonda"
() Cava "Piatta” Carica Dati

() Cava "a corona costarte”

Diametro Estemo

3
3

Diametro Intemo

3
3

3
3

Spessore Corona
Numero di cave
Derte

Apertura di cava

3
3

Altezza colletto

3
3

Altezza Colletto Superiore

3
3

Raggio di raccordo inferiore

3
3

IR

Gruppo FEMM
[] Predisponi  [| Disegno Pulito Doppio Strato Dente Avvolto Area di cava
Impostazioni Awv. tradizionale Awv. frazionario Disegna Chiudi
Figure 1-1 - GUI of Lua Motor

Lua motor is divided into several sections. Each se ction has
parameters to be set in order to create a correct geometry. these
parameters are visible on the left side of the GUI. In the upper
part of the GUI can select the various types of sheet
lamination to be generated by acting on the tabs in the figu re
below.
i Lua Motor = =
‘ Lamierino Estemo | Lamierino Intemo | Cava Rettangolare | Cava Rotonda | Doppia Gabbia | Arco Estemo | Arco Intemo | Halbach | Riluttanza Arco | GeometriaFix ‘

Figure 1-2 1 Types of sheet lamination in Lua Motor
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For the realization of a design you can manually enter the data
required in their respective fields, or they can be called up via
the import fun ction, from projects previously created.

In case you follow this second procedure is necessary to go to
select a project among those saved using the Combo - Box.

Once the filling of fields with the appropriate data can generate

the design simply by clicking the " Disegna " button , remembering
before you specify a name for the export file in the Combo - Box
W Lua Motor = =5
— — g femm - [Senza titolo] - B
Lamisrino Estemo | Lamierino Intemo | Cava Rettangolare | Cava Rotonda | Doppia G
E File Edit View Problem Grid Operation Properties Mesh Analysis Window Help = [[&| =
et T Dl | =|/[~[0f& = [wle| of slof @lsiEelx]| of
-:é:w Cava "Fiatta” Carica Dati el
() Cava "a corona costarte” 7
Diametro Estemo 1703 | E
Diametro Intemo mm g
Spessore Corona mm %
Numero di cave E
Dente mm i
Apertura di cava mm %
Altezza colletto mm ,:
Altezza Colletto Superiare E mm L
Raggic di mccorde inferiore mm —
Gruppo FEMM II'
Raggio di raccordo superiors IEI mm

Predisponi || Diseg

Impostazioni Awv. tradizionale Awv. fraz

g Senza titolo
{x=-21.3000,=60.1000)
Figure 1-3 T Example of creation of lamination sheet
When this operation is completed, immediately displays the result

in FEMM, see Figure 1-3.

Any operation is not performed correctly, such as the failure to

specify a name for the export file, is duly reported by the

program. The design generated can then be saved in .dxf file which

i s used other program based on Finite Element Analysis such as

Flux, MagNet etc. The Lua Motor besides generating the exact
geometry of the sheet lamination, it create s also several text
files. This files has a dual function:

1 constitute an interface between FEMM and other files for
analysis of electromagnetic electrical machines
16



i as a database of projects

These .txt fil es are automatically saved in folders created in
order to organize these file S in a correct mode.

1.3.3 CONSTRUCTION OF(GEOMETRIC MDDELS

The current version of Lua Motor is able to ge nerate different
types of sheet in order to study :

1 Asynchronous machines
o Inner rotor with single cage or double cage
o External rotor with single cage
1 Synchronous machines
o0 Inner rotor
o External rotor
o Hallbach rotor
o Innerrel uctance rotor (SynRM)

As can be seen the software is able to cover a large number of
cases of different types of electrical machines.

To analyse an asynchronous electrical machine it is necessary to
have all geometric details about sheet lamination and th
characteristics of materials used.

Figure 1-4 17 Example of induction machine (4 poles)
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10,00" 1286

L)
Erryu
8
B uy ™
P = o
R 51 I =
30
[IEC.90/4.80.2 Lamierini tranciati - Macchine asincrone
SA135P RAOBOP CPK
DE ol H A LD LC LS AC de n a Id ac
mm I [Ty mm I ‘mm i L] mmgq Imimi Imimi
135,00 | 80,00 38 6940 | 360 | 1200 | 000 | 2,30 20,00 28 39,80 4.40 1,00
# RI GR SA MT PT RF v P4 mm B3 di Pz c | ri |Piam
] mm i
4 v v ¥ 52 1 25 W 2643
5 v v 52,21 2 3| v 2475
5 | 3o 2475

Figure 1-5 17 Example of induction machine (4 poles)

Lamierino Estemo | Lamierino Intemo I Cava Rettangolare I Cava Roton Lamierino Estemo | Lamierino Intemo |Ca\ra Rettangolare I Cava Rotorn

Tipologia di Tipologia di
pologa dl cava IEC904.80 Statoredat ~ polega gl cava IEC90480 Rotoredat v
() Cava "Tonda" (®) Cava "Tonda"
@ Cava "Piatta” Carica Dati O Cava "Piatta” Carica Dati
() Cava "a corona costante”
Diametro Estemo mm Diametro Estemo 79 mm

Diametro Intemo Diametro Intemo

3
3
3
3

3
3
3
3

Spessore Corona Spessore Corona

Numero di cave Numero di cave

tjele el

Derte mm Derte
Apertura di cava mm Apertura di cava mm
Altezza colletto 0.77 mm Altezza colletto mm

3
3

:

Altezza Colletto Superiore Altezza Colletto Superiore

Raggio di raccordo inferiore 1 .87 Raggio di raccordo inferiore

eeEl

mm mm
Gruppo FEMM IIl Gruppo FEMM
Raggio di rmccordo superiore mm
Predispo Predispoi
| Impostazioni |ﬁ\r\r.tmdizionale | Awv. frazionario | Impostazioni |ﬁw.tmdizionale | Awv. frazionario

Figur e 1-6 T Example of induction machine (4 poles)
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g femm - [Senza titolo.ans] = =

W File Edit Zoom View Operation PlotX-Y Integraste Window Help _ &%

D [« 7% el |SEN

[z~ | [8|2]«|= [B]Blo)e

B S oo FEN % Seram ko s
(x=-645000,y=-11.7000)

Figure 1-7 T Result of Lua Motor in FEMM application

In Figure 1-5, Figur e 1-6 and Figure 1-7 is possible to see the
correct design flow of a machine. T he first step is to extract the

all required parameters from Lua Motor for automatic generation of

design . In this case are:

1 Forthe sta tor

o External diameter
Internal diameter
Thickness yoke
Number of slot S
Slot opening
Thickness  edge

OO0 O0OO0Oo

for the rotor the same data. In total there is about twenty
parameter s to set.

Software Lua Motor is able to generate all the nodes, lines, arcs

and circles to the automatic creation of the drawing. To do this,
the software based on some key nodes (see Figure 1-8), selected on
chosen by the parameters entered and slot type , goes to create

lines  and arcs to define the geometry.

19



types f slots (ACava Piattao for the

Figure 1-8 T Key nodes to generate the exact geometry for two
o
AfCava Tondao for the rotor (riagh

Lua Motor also allows to create th e regions of space destined to
allocate the windings, both in the case of winding a single layer
and double layer

The work presented in this argument has related to the realization
of the software Lua Motor.

The program was designed with the aim to simpli fy and  accelerate
of the operations necessary for the study of finite element

rotating electrical machines and practical applications have

proven their effectiveness.

There is perfect compatibility between software packages designed
making them useful tool s and simple to use and free.

The development of these tools has been possible thanks to the

knowledge of the theories regarding the machines and electric

drives but equally important role was played by the acquisition of

knowledge and skills in the field of computer programming. The
simultaneous attention to aspects electrical and computer has

allowed to obtain a complete product complex but not able to meet

in a comprehensive manner the needs of electromagnetic design.

Although the software package is ful ly functional, it is only a
base which, although strong, is bound to and significant future
expansions. The continuous evolution of the sector, in fact,

raises the need for new types of laminations.

20
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Just in anticipation of a future development | conceived the Lua
Motor as a modular software, so as to make it easily expandable

with the addition of new models without changing anything of what

already exists.

21



Chapter 2
ANALYSIS OF SYNCHRONOUNRMCHINE WITH
EXTERNAL ROTORFOR

N MILIA 3 0SOLAR CAR

A permanent ma gnet synchronous motors (PMSM ) are widely used in
automotive applications and in industrial sector of medium and low
power application

A synchronous electric motor is an AC motor in which, at steady
state, the rotation of the shaft is synchronized with th e
frequency of the supply current; the rotation period is exactly
equal to an integral number of AC cycles. Synchronous motors
contain multiphase AC electromagnets on the stator of the motor
that create a magnetic field which rotates in time with the
oscil lations of the line current. The rotor with permanent magnets
or electromagnets turns in step with the stator field at the same
rate and as a result, provides the second synchronized rotatin g
magnet field of any AC motor.

The brushless motor is an electric motor that in contrast to a
DC motor, has no need of sliding electrical contacts on the motor
shaft to work (hence the name "brushless"). The commutation of the
current flowing in the windings, in fact, is not made by
mechanically, but through electronic devices, with the consequence
of a lower mechanical strength, eliminating the possibility of
forming sparks, with increasing speed of rotation. With this type
of engines is significantly reduced the need for periodic
maintenance.

From an energy point of v iew, the brushless motors dissipate
heat better than an AC motor. The absence of copper on the rotor
and the presence of the windings on the stator allows to realize
machines without cooling fins. This is because the Joule losses
are only due to the stator windings.

These characteristics make them suitable for use in the aircraft
industry, automotive, in marine and increasingly popular hybrid
vehicles or electric vehicles.

22



In this chapter, | will describe the design of a brushless
machine. The engine has be en designed, manufactured and tested.
The engine is directly mounted in a wheel, through a direct
coupling (direct drive). The synchronous machine will be part of
the one vehicle powertrain salt Italian who has successfully
participated in the World Solar Challenge 2013 (WSC2013) and the
Abu Dhabi Solar Challenge 2015 (ADSC2015). The vehicle has
completed over 4000km road proving in fact the correct design of
the electric motor.

2.1 SUMMARY OF THEPMSMDESIGN DETAILS

The Permanent Magnets Synchronous machine (P MSM) consists of
20 magnets and 18 slots. The PM Material adopted is NdFeB having a
coercitivity of 'O  x YFG and relative permeability ‘ P8I X
The 18 slot I 20 pole structure with non - overlapping
concentrate winding was adopted . The ¢"¥o electrical shift between
coil sides results in magnetically de - coupled windings. Triplen
harmoni ¢ are naturally eliminated in the si ngle phase EMF. The
main dimension and parameter s are reported in Table 2-1.

Figure 2-1 i Finite Element Model: solution mesh

In Figure 2-1 itis possible to see the finite element model
used for the analysis. Circumferential magnet segmentation is
considered as a standard technique to reduce the magnet eddy
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current | osses, but i n this case it 1snot
magnetics because this motor cannot be used at high speed (

p TUH M K
The main features of the used materials are listed below:

f Magnets => Material: N dFeB, 'O x ¢Rda, ° P8I X
- oriented silicon steel

I Stator/rotor core => Laminated non
1 Copper => Resistivity

P @ um

Torque (S1) 14 [Nm]
Max Torque 45 [Nm]
Rated Voltage 105 [V]
Type of connection Star connection
Number of poles 20

Rated speed 805 [rpm]
Number of slots 18

Outer stator diameter 230 [mm]
Inner stator diameter 152 [mm]
Air - gap thickness 1.5 [mm]
Magnets thickness 4 [mm]

Table 2-1 - Motor paramters

The adopted mesh us ed for the FE Analysis is presented in
Figure  2-1. The refinement of the mesh in the main air gap is
necessary to achieve a reasonable accuracy of the results. A three
phase winding configuration has been considered (star connecti on).
Two- dimensional time stepping analysis is considered.

2.1.1 COGGING TORQUE

Cogging torgue results from the interaction of the permanent
magnets on the rotor with the slots in the stator. Motor design

techniques such as fractional pitch arrangements can mi nimise
cogging torque. F or this PMSM, many simulations were conducted
with the objective of minimizing the cogging torque. In

particular, by changing the angular aperture of the magnet is

found the corresponding angle minimizes the cogging torque. This

val ue is 14.6 deg. The cogging torque is possible to see in Figure
2- 2.

24



0.04 -

Cogging Torque
0.03 -
0.02 -
— 0.01
£
Z
g o .
S 28 30.5
O
0.01 -
-0.02 -
-0.03 -
-0.04 - _
Mechanical angle [deg]
Figure 2-2 - Cogging Torque versus mechanical angle
2.1.2 NO LOAD CONDITION
The no load condition is analysed to e valuate the no load EMF,
the relationship of the voltage with respect the speed ( Q) an the

cogging torque featured by the machine. The Fourier Series
transformations has been applied to the calculated no load EMF
waveforms and the fundamental Harmonic has been considered. Linear
dependency of the no load voltages with respect the mechanical
speed is expected: the coefficient is calculated according to
(2-1)

o 229 e (2-1)

Ymivna

where 805 rpm is the mechanical speed in root per minute. The

harmonic content of the no load EMF result limited at the

fundamental and some other harmonic, in particular the 5 M and the
7" harmonic whereas no 3 ' harmonic is present as expected.
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Figure 2-3 - Noload EM F @ 805rpm

Figure 2-3 show the back electromotive force (BEMF) for

805rpm. Considering that the no load voltage is calculated
according with the Faraday - Lenz Law, the maximum of the no load
flux linkage for the phase A can be seen in Figure 2-4.

Flux Linkage with Phase A [Wb]
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0.08 +
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0.04 -

0.02 -
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Figure 2-4 - Flux Linkage versus electric angle

26



2.1.3 LOAD CONDITION

Loaded conditions are investigated with the aim to evaluate
ratio of the torque with respect th e load current, iron and ohmic
stator winding losses. Transient 2D simulation are considered for
this analysis.

The magnetic axis related with one of the phases is aligned
with the magnetic axes of the rotor magnets to provide only a no
load positive d- axi s component, coherent with the no load EMF
shown in  Figure 2-3. A current - fed symmetric 3 phase supply in -
phase with the back -EMF is considered (i.e. ¢ - axis current).
Maxwell Stress Tensor is the adopted technique to estimate the
instantaneous torque featured by the machine; the continuous
torque is calculated as the average over an electrical period of
the instantaneous result. The output torque is independent of the
speed of the machine.
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Figure 2-5 - Torque waveforms @ I1=10.6Arms

The torque waveform for one condition is evaluated and
illustrated in Figure 2-5. It is possible to see a small torque
ripple, about 0.2Nm. Figure 2-6 present the flux density
distribution obtained with the 2D Model in FEMM.
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Figure 2-7 - Prototype
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A prototype machine ( Figure  2-7) was built in partnership with

TEM Electric Motors.
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2.2

EXPERIMENTAL RESULT

A short summary of the experimental tests carried out on the PMSM
with external rotor are observab le in the following table.
Data Torque Speed Mot. Function Vdc Idc Pdc VLL Imot Rend.
Power motor
Nm rpm W Vrms Arms W
27/05/2013 15.3 704 | 1128 | Motor 104.8 | 11.6 | 1218 | 37.31 | 115 0.972
27/05/2013 24.4 418 | 1068 | Motor | 104.7 |12.3 | 1283 | 25.54 | 19.9 0.875
Table 2-2 7 Experimental Result
W can observe that the efficiency (0.97) of the motor is very
high in its rated condition
From a thermal point of view, according to tests carried out, it
can be noted that the motor never exceed the maximum permissible
temperature by the windings in the nominal conditions. In fact,

the temperature is around 40°C.

Winding temperature - natural air cooling
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2- 8 - Winding Temperature with natural air cooling
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Chapter 3
DEVELOPMENTSABOUT MORE ELECTRIC

AIRCRAFT

3.1 | NTRODUCTION
Since 1960, the air traffic, both passenger and freight, has
increased and is expected until 2017, a steady increase in average
of 5% and 7% respectively [ 1] . As a result of this growth affects

a highly competitive market for all participants in the sector:

from the producer of the smallest components of an aircraft, to

travellers who expect continued improvements of features and

services offered accom panied by continuous reductions in costs and
environmental impact. With regard to the latter aspect, we can say

that the carbon dioxide emissions from aviation account for 2% of

global emissions. The aircraft engines, in fact, produce carbon

dioxide ( CQ), nitrogen oxide ( NQ), hydrocarbons ( HQ, carbon
monoxide (  CQ, the effects of which include:

- Climate change at high altitude;
- Air quality at low altitude.

Although the technological advances in the field have improved the

efficiency of aircraft and reduc ed transport costs, there are

stil a lot of pressure on manufacturers to improve the

performance of future vehicles in terms of safety and air

pollution. In order to meet these expectations, the entire

aviation industry is planning to radically re - evaluat e the whole
system aircraft. It is in fact necessary to revisit the whole

architecture of an aircraft, with the introduction of new

technologies for the performance of key functions on the aircratft.

Nowadays conventional civil aircraft are characterized by four
different secondary power distribution systems: mechanical,

hydraulic, pneumatic and electrical systems. This implies a

complex power distribution network on board and, given the

structure of the means of transport, the need for adequate

redundancy o f each of them. Since the 80s, the US Air Force and

NASA have found a solution for the progressive reduction, or even

elimination, of such centralized power systems on board. To

improve the reliability of the system, maintenance, operating
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costs and the we ight of the aircraft have been proposed new

electric technologies that have recently made a major change in
the design. In this sense, the concept of greatest impact on the

architecture of the aircraft is concentrated in the expression

More Electric Airc raft  (MEA), which indicates the growing adoption

of electric systems to replace conventional hydraulic, pneumatic

and mechanical systems. As a result, the electrical system of the

aircraft will be radically changed, so that's next to the MEA

concept, has s trengthened the concept More Electric Engines (MEE),
where the electrical machines are integrated into the main turbine

to generate electricity, start the engine and ensure safety in the

event of failure during the flight.

In recent years, many projects ha ve been developed to explore the
concepts MEA / MEE for both military and civil applications,

trying to achieve what will be the concept of the All Electrical
Aircraft (EEA).

In 2000, he launched the project Magnetostrictive Equipment and
Systems for More Electric Aircraft (MESA), which aims to reduce

power consumption and weight of onboard systems through the
development of magnetostrictive actuators and motors.

In 2002 it was the turn of the Power Optimized Aircraft (POA)
aimed at finding alternative equi pment to reduce weight, fuel
consumption and maintenance costs of the aircraft.

In 2004, the project Magnetoelastic Energy Systems for Even More
Electric Aircraft (MESEMA) has been dedicated to the development,
production and testing of innovative transduc er systems based on
active materials aiming for a drive with high torque density,

reduced vibration and noise generation of electricity and

structural integrity monitoring.

In 2006, the project More Open Electrical Technologies (MOET),
aimed to establish a new industry standard for the design of
commercial aircraft, in conjunction with the reduction of

emissions and improvement of operational capacity, as an evolution

of the concept of "fly - by - wire" to that of "power - by - wire".

All of these projects, which a re now the ultimate expression of
MEA concept, have contributed to the development of many
electrical devices that are currently in use on modern vehicles.

For example, the electrification of the actuators of the flight

surfaces, Airbus A380 leads to less consumption, while reducing
costs, or the electrification of the cabin pressurization and air

conditioning, adopted by the Boeing 787, saves energy of 3 - 7%.
The most important technology that allows to use the MEA concept,

without a doubt, is the power ele ctronics associated with
electrical machines and electric actuators. However, aeronautical

applications have some demanding conditions and there are still a
number of areas of use in which they must be made of the
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improvements in terms of weight, cost and reliability of the
systems.

3.2 MORE ELECTRIC AIRCRAFT (MEA)

For a typical medium - sized aircraft, the only sources from which

to draw power, the engines are gas turbines, as shown in Figure
3-1. These turbines, as well as providing ma inly the reliability
necessary for flight, they also provide food for all other loads

on the plane.
l Jet Fuel
_“\ ' - Propulsion
V Thrust (= 40MW)

‘ High pressure Fuel pumps
Gearbox driven air “bled” from Gearbox driven and oil pumps
generators engine hydraulic pump on engine
Electrical Pneumatic Hydraulic Mechanical
200kW 1.2MW 240kW 100kW
Figure 3-1 - Energy distribution in a conventional aircraft
In a conventional civil aircraft there are fou r types of renewable

energy derived from motor: electric, pneumatic, hydraulic and
mechanical.

The electrical system is used for power loads and for avionics
systems, lighting equipment and in - flight entertainment.

The pneumatic system, powered by the ex traction of air from the
engine, shall govern the environmental control system
(pressurization and air conditioning) and wing protection against

the ice.

That mechanical, operated by a system of transmissions by the
engine, is used for pumping fuel and oi l.

Finally, the hydraulic system is used for all the actuation
systems of the aircraft.

The assumption on which the MEA concept is based on, is that only

one single power source is available from the main motor. For this

purpose, the choice falls on a sin gle electrical system, as it has

a series of advantages in terms of flexibility and range of

applications. A possible system designed for the MEA is shown in

Fig. 1.2, where all loads are powered by the on- board electrical
system.
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loads Cabin pressurisation Flight control actuation Fuel pumping
Air conditioning Landing gear/ Braking Engine Ancillaries
Icing protection Doors
New electrical loads
Figure 3-2 - Energy distribution in MEA concept

As already mentioned above, the general objective of this radical
change in technology is to reduce operating costs, fuel
consumption and environmental impact of air transport. The re

of the pneumatic system, for example, carries away with it the air
bleeding system on the gas turbine greatly improving its
efficiency. Once the entire technology has been realized, the
removal of mechanical and hydraulic systems may also lead to som
reduction of weight at the system level. More importantly, is that
electrical systems offer many more management options such as
advanced diagnostics and maintenance options. The

compare a conventional system of an a
MEA; you can see the elimination of certain equipment and the
simplification of the connections between engine and fuselage.

A study conducted by NASA has shown that the use of these
technologies could result, for a typical aircr
reduction of 10% by weight and a reduction of 9% of the fuel.

Conventional

More Electric

IN: Fuet
Start Air
QUT: Thrust
HP Air
Wing Anti-ice Air
Electricity |
Hydraulics

/ Cabin Air
| IN:  Fuel
f A& Electric Start

OUT: Thrust
Electricity

-
Distributed Hydraulics { ¢ |

E . [

[Emergency) {electrically driven) | |I|

Start Air

Electricity {Hote! mede}

Cabin Air (Hotel mode)

=% Cabin Air

Comparison between conventional and More Electric
Aircraft

Figure 3-3 -

In order to optimize the whole aircraft, the architec
electrical system should be chosen with care.
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Currently, the most civil aircraft utilize a combination of:

1 a system of high power, three - phase, 115 V, 400 Hz dedicated
to great loads;
1 a system of low - power, 28 VDC for avionics and control

services batteries.

The larger loads are then fed from the systems AC or DC high
voltage.

Unmanned aerial vehicles (UAVS) tend to use a lower voltage as the
power levels are generally lower and the efficiency becomes an
important factor in the design.

The MEA provides a much greater load on the electrical system. For
comparison, the typical power existing in aircraft, such as a
Boeing 737, lies in the range of 100 kW and 787 for the figure
rises to more than 1 MW.

The following table, according to the requ irements MEA, shows some
typical value of power to some of the larger loads on civil
aircraft:

Table 3-1 - typical values of power required by the MEA

Typical power

Application Comments level

Air conditioning Environmental control system 4 x 70[kW]

Flight controls P.rlmary and secondary i often short duration at 2- 35 [KW]
high loads

Fuel pumps 10 [kW]

Wing ice protection Thermal mats or similar 250 [kwW]

Landing gear Retractlo_n, steering and braking i shor t duration 5- 70 [KW]
of operation

Engine Starting (I;/Iay t_Je used for additional applications I short 200 [KW]

uration

The first MEA, such as the Boeing 787, uses a combination of
electrical systems, as shown in Figu re 3-4.
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Figu re 3-4 - Electrical System on Boeing 787

The industry is considering the AC systems and variable frequency

in order to replace the Integrated Drive Generators (IDGs) on

current engines, which require complex hydraulic systems for
generating alternating voltage with a constant frequency from a

variable speed shaft engine, with generators simpler and lighter.

Since the removal of IDG is mandatory, the trend in the industry

seems to be directed towards a generati on system with variable
frequency AC with a DC connection of high voltage distribution.

The strategy variable frequency (sometimes called a "frequency

wild") does not require the IDG and consequently it is possible to

a higher power density.

Considering th at the generators are driven by shafts with
different rotation speeds, it is reasonable to convert all the

power generated in a single output of high voltage on the
distribution system. This system allows to reduce the weight of

the cables as paths to lowe r current; in the DC systems, in fact,
there is no reactive power flow and there is the skin effect due

to high frequency. In addition to the high voltage DC systems, the
systems will remain low voltage to power the apparatus dedicated

to the avionics. The Fig.1.5 shows a conceptual layout of the
electrical system on MEE four engines and two auxiliary power unit
(APU).
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Figure 3-5 - Layout of the electrical system with MEA concept

The use of a transmission sy stem require a high voltage DC step -
down voltage between the transmission system and the loads. The

step - down converter between the distribution system in the high

voltage DC and the loads can be carried out in a centralized way

for each load center.

The r eason for choosing such a system can be summarized as
follows:

- In order to reduce the weight, the electric power must be
transmitted at high voltage (with consequent decrease of the
current);

- Higher voltages also reduces the power losses during
transmissi on, because, to a cable, the losses are
proportional to the square of the current;

- Using the same voltages for generation and transmission would
eliminate some type of co nverters;

- Alternating current systems require cables larger than the DC
systems, bec ause of the reactive power flows and the skin

effect  at high frequency ;

- Historically, the AC systems were preferred because the
voltage variations could be made by means of transformers.
Today, the power electronics may be used to cope with
variations in voltage regardless of the frequency.

3.3 POWER GENERATOR

The transition to the MEA technology significantly increases the
amount of the electrical power used by an aircraft, typically
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between 100 -200 kW to over 1 MW for a large civil aircraft; this
increases the demand on the generating system. In order that the
MEA can be competitive in terms of weight and reliability of the
system, there has been a number of fundamental developments in the
generation of electricity on board. Below we will

examples o fthe generation of electricity.

see some

3.3.1 (ENERATING POWER AT ©®NSTANT FREQUENCY

Many of the civil aircraft using a transmission system in order to
give the shaft a constant speed from a variable speed of the gas
turbine. This shaft at a constant speed drives the e
generator to give a constant frequency, 400Hz (
voltage of the generator is controlled using a control loop with
an exciter. The mechanical transmission used in this system can be

expensive to purchase and

maintain because of its complexity. An

Figure

alternative technique for generating a constant supply frequency

is to connect the generator directly to the motor, as shown in
Figure  3-7. The output of the generator will then have a variab
frequency depending on the speed of the turbine engine. This
frequency, which will change during the flight the airplane
subsequently to the requests of the pilot, can be processed by a

- converter and matrix converter) and
fillered to produce a fixed frequency and supply voltage. The
disadvantage of this system is that this power converter must
process all the power generated and, therefore, must be reliable
in order to obtain the level of security required by the aircratft.
Unfortunately, the power electronics is not yet reliable enough to
make this viable and remains a rare choice of configuration.

power converter (usually cyclo

o

Constant Speed
Mechanical
Drive
[Gearbox]

Constant
Speed Shaft

—
5 3-phase
400Hz, 115V

Figure 3-6 - Electrical power generation at constant frequency

Variable speed
-, Engine Shaft

v

Generator

with Mechanical Drive

Power
Converter [DC
Link or Cyclo-

converter]

2 3-phase

<> 400Hz, 115V

Figure 3-7 - Electrical power generation at constant frequency
with power electronics
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3.3.2 (CENERATING POWER AT \ARIABLE FREQUENCY

If decade the need to have a fixed frequency electrical power, it

is possi  ble to directly connect a generator to the motor, as shown

in Figure  3-8. The output of this generator provides a power

supply with a voltage - controlled variable frequency, typically in

the range 320 -800 Hz. In this type of system , there is a direct
connection between the generator and the power bus, creating a

build configuration simple and reliable. The disadvantage of this

system is that almost all loads require power converters for the

control, since the variable frequency powe r supply cannot be
applied directly to most applications.

Variable speed
Engine shaft

o -, 3-phase

Generator )——) 320Hz to 800Hz

230V or 115V

Figure 3-8 - Power Generating at variable frequency

3.4 IMORE ELECTRIC ENGINE (MEE)

The technology behind the MEE concept can be described in the
follow ing way:

- Using a motor / generator lightweight high power, high
efficiency, connected to each of the main shafts of an
engine, to provide electric energy to the system and remove
the hydraulic pump from the engine, thus simplifying the

interface engine / cabin.
It can be mounted outside of the turbine and connected to the main
shaft through reduction gears (option ‘external’ ), or mounted
directly to the inside coaxially to the shaft (option ‘internal’ ).
There are several studies, dedicated to the integrati on of

electric motor/generators directly into the main gas turbine, acts

to reduce the overall complexity of the system, the fault
tolerance and with the objective of increasing the overall
efficiency of the system.

In this way, the transmission system at a constant speed (CVG), or
Integrated Drive Generators (IDG), may be partly or totally

eliminated. Consequently the frequency generated covers a wide

range depending on the change of engine speed.
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Figure 3-9 T A Turbofan system

With reference to the structure of a turbofan engine ( Figure 3-9)
it is possible to integrate the generator inside the main motor in

different positions. In particular, the generator can be operated

both by the low pressure (LP) and high pressure (HP). These two
possibilities involve different advantages and disadvantages,

mainly regarding the size, speed and environmental conditions of

work.

In integration HP shatft, the electric machine is characterized by

a lower weight, occupies a smaller room, and has a higher speed of

rotation of the shaft. Furthermore, this solution allows to use

the electric machine as a starter motor, avoiding in this way the

auxiliary system dedicated. However, because of the high ine rtia
of the turbine, is also required a high torque to the engine when

it is stationary.

The main disadvantage of integration onto HP is the tough
environmental conditions of exercise, due to the high temperature.

Using active magnetic bearings, which wou Id replace the current
sphere system. These offer the possibility to remove the oil from

the engine system, which would lead to a drastic reduction of a

scheduled maintenance, a better control of engine vibrations,

since the trees would rotate around their centres  of mass rather
than their geometrical centres , and a best engine diagnostics,

since the variations of signals in the feedback from the bearings

are used to control the movement dynamic shatft.

Using compressors and units of cooling/heating electric ally
operated to pressurize and condition the air in the aircraft

cabin. These units may be powered by motors; the need to provide

air conditioning in the cabin in every situation (for example when

the main propulsion engines are stopped) would lead to pre pare one
or more auxiliary power units (APU). The result is an improvement
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of the environment in the cabin for the crew and passengers as
well as to a reduction of the emission of fuel.
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Figure 3-10 - Conventional engine

Figure 3-10 and Figure

3-11 comparing two types of engines; the

first is a conventional engine, while the second is a MEE. You can
see how changing the connection between the engine and the
The interface between the engine and the aircraft is considerably

simplified, having been

reduced

to only control

signals of

electricity and fuel. The result would be an aircraft lighter and

less expensive.
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Figure 3-11 - Engine with More Electric Engine Structure
3.5 SYSTEM SECURITY
It is of fundamental importance to the reliability of some
electrical drives in applications MEA and in particular for the
three main units:
1. electromechanical actuators fo r primary control of the flight

surfaces;
2. electric fuel pump;
3. motor/generator integrated into the engine.
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3.5.1 DRIVE FOR FLIGHT CONT ROL APPLICATION

Modern aircrafts are used hydraulic actuators to move the
surfaces to control the flight. There are three basic degrees of
control of the aircraft for the flight (see Figure 3-12): rol |,
pitch and yaw. The critical surfaces for the control of the flight
are respectively the ailerons, elevator and rudder which are then
referred to as the primary actuators. Other control surfaces such
as slats and flaps, are not critical to flight and, th erefore,
referred to as secondary actuators.
Examples of these surfaces are shown in
Figure  3-13. The number and type of
actuators is very different compared to
the aircraft considered. Furthermore,
the load requirements are very
different:  starting from a few
kilowatts to the lamellas of the edge,
up to 50 -60 kW for the stabilizer

systems and vertical rudder. In

addition, the dynamic load profile may

be very different. there are few Figure 3-12 i Roll, pitch
surface movements that have great size and yaw are used to
and short duration (typically during describe the objects
landing and take -offf or “"small" orientation around each
superficial adjustment during flight. of its axis

In addition, abnormal performance can

be requested to the actuators in flight during some critical

conditions. For example, if all the engines on the same wi ng fail,
the actuator of the rudder must be able to keep the drawbar in a

fixed position, with a high yaw angle, during the flight. In this

situation, it is very high the torque required to the electric

motor.

|I|

Figure 3-13 - Wing control surfaces of a fixed - wing aircraft: 1.
wingtip, 2. Low speed aileron, 3. high speed aileron, 4. flap
track fairing, 5. Kriiger flaps, 6.slats, 7. three slotted inner
flaps, 8. three slotted outer flaps, 9. spoilers, 10. spoiler S
air - brakes
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It is important to emphasize that the actuators have to work in

very harsh environmental conditions: temperature between - 60°C and

+70°C and atmospheric pressure variable between 0 and 1 bar. Due

to the low thermal conductivity of the fuselage (composite

materials, sheet materials, etc.), the thermal exchanges between
the actuators and the environment must be carefully evaluated.

In a conventional fuselage, the drive system of the flight

surfaces is made by a centralized hydraulic system, consi sting of

a hydraulic pump and a motor positioned in the fuselage as well as
to different pipelines of fluids and hydraulic actuators
positioned in the wings and in the tail. The control of hydraulic

actuators is realized with the consolidated technology of "fly

wire" where there is no mechanical connection between the control
surfaces and the cockpit. Moving towards a scenario all electric
aircraft (AEA), the idea is to control each area with its own

electromechanical actuator directly coupled. This conc ept

defined as "power - by - wire".

3.5.2  ELECTROMECHANICAIACTUATORS(EMA)

When replacing hydraulic actuators with electric system, the

obvious choice is to use an electromechanical actuator (EMA), as

shown in  Figure 3-14. In a system EMA, the surface is moved by
rotating a motor. At the same time, moves a system of ball screw

through a gear reducer. For each revolution of the motor moves the

actuator to a fixed quantity as there is a direct connection

between the motor and the arm. The problem in the distribution of
EMA MEA is that it is very difficult to ensure that the ball screw

can never problem. For this reason, aircraft manufacturers still

have some doubts in using the EMA preferring the more reliable
electro - hydraulic actuators ( EHA).
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gearbox Screw !
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Motion
Figure 3-14 - Electromechanical actuator

3.5.3  ELECTRIC- HYDRAULIC ACTUATOR(EHA)

An electro - hydrostatic actuator (EHA), reported in Figure 3-15,is
driven by a local system and controlled with a hydraulic pump

driven by a positioning motor. The position of the actuator moves

a fixed increment for each motor revolution. There is no a direct

connection between the motor and the mechanical arm and therefore

the EHA has failure modes lighter, giving an advantage over the

EMA for the control of primary applications. Another advantage is

that the actuator can be controlled like a conventional hydraulic

system, resulting in the traditional operations active/standby or

active/active.

There is also the possibility of an Integrated Actuator Package

(IAP TM). This device is an EHA that, thanks to an advanced dual

hydraulic circuit, allows to use a constant speed, unidirectional

electric motor [ 2] . When some, but not all, of the traditional

hydraulic circuits are removed and substituted by EMAs and/or

EHASs, it i s common to speak of fAmore el ectric
first application of EHAs to primary flight surfaces was in the

delta -wing Vulcan bomber in the 1950s [3]. Its redundant design,

achieved using the EHAs, allowed to get an impressive safety
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record. More recent example of commercial MEAs are the Boeing 787
and the Airbus A380.

3-phase supply
|

@ Hydraulic Ram _I@

Valve Hydraulic Hydraulic
Block Piston Jack Pump

Hydraulic
Accumulator

Power
Electronics
Enclosure

Figure 3-15 - Example of large Electric - Hydraulic Actuator (EHA).
Source [ 2]

In the Boing 787, a mid - sized wide - body aircraft, spoilers and
horizontal stabilizer flight controls are operated by electric

motors in order to guarantee the control functionality also in the

case of a total hydraulics failure. The super - jJumbo A380 represent
the state - of - art with respect to the flight control system.

Both EHAs and EMAs use an electric motor and a power converter and

a control system. [4] . With respect to the electric motor, a

Brushless DC (BLDC) and the switched Reluctance (SR) motors are

the more promising ones due to their lightweight, reliability
characteristics. It is commonly reported that a fault - tolerant
electric motor for EMA applications has to be guarantee

- High torque/weight radio;

- High torque/ampere radio;

- High efficiency in the full speed range;

- Elect rical, thermal, magnetic and mechanical insulation
between the phases;

- Safe operation in faulty conditions (one phase loss).
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Also the power converter topology is discussed and analysed in

literature. The proposed solutions regards the conventional

Voltage Source Inverters (VSIs) and a matrix converters. The

converter topology influence several aspects, such as the request

DG Link capacitor in the VSIs (with weight problems [5] and power
quality managemen t [6]) and the power quality issues for the

matrix converters [7].

3.6 ELECTRIC FUEL Pump

The fuel pumps can be subdivided in two categories:

- Thelow press ure boost/transfer pump;
- The high pressure FCU (Fuel Control Unit) fuel pump.

The low pressure pump normally is electrically operated, while, in

traditional systems, the high pressure fuel pump is directly

driven through the mechanical gearbox and the fuel flux is
controlled by means of the fuel valve. As a consequence, the focus

is on the high pressure fuel pump because it is another aircraft

apparatus that could be electrically driven, introducing the

concept of Aismart electric fuel p agmpfdhe The
electric solution for the fuel pump is in the possibility to drive

the pump at variable speed. In this way the pump can deliver a

variable fuel flux to the combustion chamber, in accordance to the

engine control requirements, eliminating the fue | valve in the
fuel metering system. The application of this new technology leads

to several advantages, such as weight saving, lower maintenance

costs and improved in - service reliability.

3.7 ON BOARD POWER(ENERATION

On conventional civil aircraft, the elec trical power is usually
generated by wound field synchronous generator with a permanent

magnet exciter stage. A generator control unit (GCU) performs a
field control in order to regulate the terminal voltage. The

generator is mechanically driven by the mai n engine shaft by of a
Constant Velocity Gearbox (CVG). In this way the CVG allowing to

maintain constant the frequency at 400Hz. If the CVG is integrate

inside the generator, it is called Integrated Drive Generator

(IDG).

In addition at the previous desc ribed energy generation system,
Auxiliary Power Units (APU) are presents on the aircraft. They are

small fuel burner jet engines connected to dedicated electrical

generators, aimed to supply vital loads in case of main engines or

generators failure. The AP U also employed to provide electric
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power in the pre - flight conditions, when the main aircraft engine
are still turned - Off.

As back -up energy generation system, in addition at the APUs,
there are also the Ram Air Turbine (RATs) which are propellers
spanned by the high speed of the air flows near the airframe body

( Figure 3-16). They are extracted by airplane body only in
emergency conditions.

Figure 3-16 - Anexample of Ram Air Turb ine (RAT) inonF -104S
Starfighter (Source: Wikipedia Commons) [ 8]
3.8 REGENERATION ENERGY RTO THE ELECTRICAL
POWER BUS
An interesting system power could affect the ability to recover
energy from the elect ric actuators. This is possible when the
energy from the load circuit to the DC bus . Obviously, the amount

of energy depends on the profile of load and the duty cycle of the

actuator. Today this energy is dissipated on banks of resistors

connected on the i ntermediate stage of the converter, with

inevitable problems of weight and heat dissipation. Regeneration
may occur in an actuator when the surface is moved with an aiding

load or from the inertial energy when a motor is decelerated

rapidly.

A number of op tions have been identified that could allow the
power quality (voltage regulation) to be maintained whilst
allowing loads to regenerate power when required [9]:
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1. Centralized energy storage i allow regenerati on onto the
aircraft bus and have energy storage on the power bus for
when other loads are not present.

2. Centralized energy dissipation i allow regeneration onto the
aircraft bus and have energy dissipation on the power bus for
when other loads are not pres ent.

3. Local voltage control i allow regeneration onto the aircraft

bus, but only if the voltage at the point of common coupling
is within defined limits.

4. Return energy to source T allow regeneration onto the
aircraft bus and use the generator as a motor if required,
the regenerative power would be returned to the engine
inertia.

5. Separate bus for regenerative energy I do not allow

regeneration onto the main aircraft bus, but add an
additional, relatively unregulated bus to distribute
regenerated power.

6. Local energy dissipation i do not allow regeneration onto the
aircraft bus and ensure that each item of equipment has
energy dissipation if required.

7. Local energy storage i do not allow regeneration onto the
aircraft bus and have energy storage within each piece
equipment.

3.8.1 LOCAL ENERGY DISSIPATION

The solution used today, shown in Figure 3-17, is not to allow any

of electrical loads to regenerate energy onto the bus. If the load

has regenerative operations, this energy must be dissip ated within
the power converters. This is usually achieved using a breaking

resister and chopper circuit. Whilst this system works well, the

resistor and associated cooling must be sized to cope with the

worst case operating condition. For this reason, the dissipative
elements add significant volume and weight to the power converter.

The advantages of this approach are that the generator and bus

will never see regeneration and, therefore, the risk of

uncontrolled voltage rise on the bus due to the loads is

eliminated.

3.8.2 CENTRALIZED ENERGY STORAGE

It is possible to arrange for each power bus to have an energy
storage facility in order to store the regenerated energy for use

later, as shown in Figure  3- 18. This energy storage would have
be controlled centrally in conjunction with the control of the
generator in order to maintain good control of the bus voltage.

This energy storage could be provided in the form or rechargeable

of

to

batteries or regenerative fuel cells. This energy can then be used

later in the flight to power the loads when they are in a motoring
operating condition.
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It is not clear whether or not the extra infrastructure and

control required for this solution would be justified in terms of

the savings in weight and volume o f equipment which could be
achieved by allowing regeneration. However, there may be
additional benefits for the operation of the aircraft of having

this source of energy storage on the bus.

3.8.3 RETURN ENERGY TO THE SOURCE

A more radical, but logical, solution to the problem could be to
allow regeneration onto the aircraft bus and then to make it the
responsibility of the generator to control the bus voltage, even

under regeneration, as shown in Figure  3-19. Many generators can
also be  used as motors, so it will be possible for the generator
to return the regenerative energy to the engine inertia. It should

be noted that for a civil aircraft operating under very extreme
conditions, it has been shown using real flight data on a rough
land ing that the maximum regenerated energy from an Aileron EMA is
just 40 J. This is not a significant amount of energy in terms of
the capacity of the electrical power system.

Converters
Control Bus
4 i p— —
—
Generator Regenerative
l. Loads
Energy Dissipation
eg. Resistor with
break chopper
Figure 3-17 1 Local energy dis sipation
Control Converters

il

8 =1 &

Generator Regenerative
Loads

Energy Storage

eg. Rechargeable
Batteries

Figure 3-18 1 Centralized energy storage
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Figure 3-19 1 Return energy to the source

3.9 MULTI - PHASE DRIVERS AND MACHINE
As mentioned above, app lications MEA/MEE involving different
aspects such as fault tolerance and redundancy, power density and

torque, temperature range, cooling, performance and others. It is
significant importance the aspect of reliability, in particular

for drives to safety s uch as generators, the actuators of the

flight surfaces and fuel pumps. A significant improvement can be
obtained with the adoption of multi - phase drives and electrical
machine .

A converter must be able to satisfy the demands of the electrical
machine and loads. However, the performance of the drive may not
exceed a certain range due to limitations of semiconductor
devices. A solution to this problem is to use a multilevel

converters because it is possible to develop high - power converters
while using a sma [l semiconductor device.

However, the advent the inverters that supply the motors and new

modulation strategy, has removed the methodological bases that
limit the number of phases of a motor. This fact has led to the

design of electrical machine with mor e than three phases and this

fact led to increased investigation of drives with multi - engine
applications. The multi -phase machines can be used as an
alternative to multi - level converters. Depending on the final

application is definitely better to use an e lectric multi - phase

machine rather than a multilevel converter.

With the employment of these new machines is possible, while
making reference to converters of limited power, to obtain high
power levels by dividing the power demand on multiple phases.
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Chapter 4
DESIGN OF A MULTIPHASE | NDUCTION
IMACHINE FOR AN OPEN ROTOR
AERG ENGINE SHAFT LINE EMBEDDED

STARTERG ENERATOR

4.1 ABSTRACT

The aerospace world has found in electrification the way to
improve the efficiency, reliability and maintainability of an
aircraft. This idea leads to the aircraft a new management and
distribution of electrical services. On the other hand the fuel
saving targets is drawing the attention toward new architectures.

This chapter presents an method to design of a four - three - phase
fault tol erant induction machine to be installed on the high

pressure shaft of an open rotor jet engine. The integration of the
generator on shaft of this kind of engine challenges the electric
machine designer in facing, at the same time, the harsh
environment and high reliability requirements . The paper presents
the desig n of multi - phase fault tolerant induction machine to be
installed o n the high pressure shaft of an open rotor jet engine.

In particu lar, the proposed solution is a four -three - phase
induction machi ne.
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4.2 | NTRODUCTION

I n t he transport sector t he Amor e el ectr
gaining attention with the aims at increasing energy efficiency
and reliability leading to reduce emissions and maintenance costs.

Many examples can be found: from road transport, w here hybrid
electric vehicles are gaining popularity [10] to the sea
transport.

In this general frame, aerospace applications have found that
the progressive electrification of on - board services is a way to
reduce or to remove the dependence on hydraulic, mechanical and
the bleed air/pneumatic system. The resulting step change in
aircraft electrical loads has far reaching implication for
electrical generation system.

The MEA approach has been widely discuss ed in the technical
literature and the topic has been included in many of the most
important international conferences and Journals [11]. One of the
dominant themes is that of fault tolerance. The fault tol erance,
together with the fault prevention, removal and forecasting, is
one of the means to achieve dependability [12]. The fault
tolerance is traditionally achieved by a complete parallel
actuation; transp ortation applications, where the size and weight

are important, demand optimized architectures including active
redundancies. In motor drives the fault tolerance can be enhanced

by phase modular redundancies; hence the interest toward
multiphase machines.

Next to the idea of electrification of the aircraft, the
worldwide aerospace research has been focus on new jet aero -
engines architectures with the aim of minimizing fuel consumption
and emissions: one of these architecture is the Open Rotor.

The goal of the idea is the optimal design a multi - phase fault
tolerant starter/generator suitable for the installation on the
high pressure shaft of a non - conventional jet aero - engine, with
Open Rotor (OR) architecture ( Figure 4-1). In parti cular, it is a

four -three - phase induction machine designed for its integration to
the high pressure shatft in the rear part of the engine.

4.3 OPEN ROTORJET ENGINES

During the last several decades worldwide aerospace research
has studied new aero - engines with the final aims if minimizing
aviation impact, reducing CO 2 and NOx emissions [13] [14]. Some
project focus on the most advanced technologies to optimize
existing engines while others aim at the design of radical new
architectures [ 15] . In this scenario it has been extensively shown
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that classical turbofan architectures, even if optimized, have
limits in the f uel saving potential, as efficiency improvements,
are mainly constrained by losses, drag, weight and noise [16] [17]

= 2 2 2 SUTSTINV, )”“'\‘_
e kb d pmadG T 2““‘{

a) Direct Drive b) Geared

Figure 4-1 - Qualitative geared Open Rotor engine architecture
Sever al OR concepts have been analysed since
architectures seem to be the most promising ones: the direct - drive
and the geared one, w here a reduction gearbox between the fan and

the low pressure shaft allows the latter to run at a higher speed.

Direct - drive configurations constrain the power turbine to rotate

at the same speed as the propellers, thus the turbine efficiency

cannot be the optimal one. Conversely, in the geared
configurations the power turbine can be released from the
propellers themselves, leading to an increase in its rotational

speed and, consequently, to a lower specific fuel consumption .
Furthermore a high - speed power turbine needs fewer stages than a
direct - drive, implying a smaller and lighter sub - system.

The Geared Open Rotor architecture ( Figure 4-1) seems to be
the most promising radical architecture for future aircraft. In
fact the integ ration of the starter/generator in the shaft line of
the aero - engine, together with the electrification of the on - board
services, lead to the removal of the gearbox necessary to extract
the mechanical power for large part the on - board energy.

The integrat ion of the starter/generator in the shaft line of
the aero - engine, together with the electrification of the on - board
services, leads to the removal of the heavy gearbox necessary to
extract the mechanical power for large part of the on - board
energy.

4.4 FAULT TOLERANT MULTF PHASE DRIVES

Besides the well - known requ irements related to the weight,
volume and reliability, t he electric drives for aircraft
applications must also fulfil the fault tolerant operation.
Furthermore, the use of electr ic power as the uniqu e on - board
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energy vector requires i mproving the reliability of the
generators.

There is growing acc eptance that conventional drive systems
will not be able to me et the reliability requirements and hence a
le vel of redundancy is essential [ 18] . The more recent studies on
the reliability of electromechanical actuators for MEA [19] have
demonstr ated that the multi - phase drive topology gives more
advant ages in te  rms of fault tolerant operation respect to the 3 -
phase counterpart. Moreover same of these studies discuss that a
si ngle multi - phase converter that supplies a multi - phase machine
using star connection does not fulfil the fault toleran t operation
required b y the MEA  applications [19]. To achieve true f ault
tolerant operations, the most promising multi - phase el ectrical
machine configurations that can be used for the MEA applications
are:

—] AC/AC P
—] AC/AC

o— AC/AC /@) % o
o—1 5 1 AC/AC
i

3-phase mput, I 1-phase output ! n

I
conversion units A 3-phase input, 3-phase ountput

! CONVETs10n Uits

— AC/AC o

o—

Figure 4-2 - Fault tolerant Figure 4-3 - Fault tolerant

drive with multiple single - phase drive with multiple 3 - phase
units units

1 Multiple of independent single - phase units ( Figure 4-2)
1 Multiple of independent 3 - phase units ( Figure 4-3)

Current power -supply system s in civil aircraft usually are 3-
phase voltage sources of 1 15V AC and the frequency can be constant
or can vary b et ween 300Hz and 800Hz. In some applications the
voltage is now increased at 230V AC. Other solutions are DC
voltage su pply at 350V or 540V, while the 270V DC is used in
military aircraft [ 20] .

The candidate machines for the embedded starter/generator
application are Induction Machines (IMs), S witched Reluctance
Machi nes (SRMs) and Permanent Magnet Synchronous Machines (PM SMs).
It is accepted that PMSMs provide higher torque dens ity than SRMs
and IMs, but they are less intrinsically fault to lerant [26]. The
not - eliminable presence of the back emf induced by the rotating
magnets poses severe problems in the faults management.
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Furthermore  the mechanical and thermal lim its of the magnets could

be not compatible wi  th the te mperature constrains (including
demagnetization issues) of the application. On the other hand the
high speed and relati vely low torque demanded by the application
make acceptable the lower torque density of the magnet less
solutions that show also a fAnat urflaxl 0weakening capability,
required by the constant power generation profile.

4.5 MACHINE DESIGN CRITERIA

When approaching the design of a high speed Induction Machine
(IM), the main constraints are the required output power, both as
motor and ge  nerator, the maximum rotational speed of the rotor and
furthermore the mechanical requirements, which are the dynamic
stiffness and the vibration limits [ 21] . Further constraints are
the torque overload cap ability at start - up and the power overload
capability as generator at high speed. Therefore, a compromise
must be found between electromagnetic and mechanical constraints.

Furthermore, the maximum operating frequency is limited by the
thermal stresses of t he power electronic components and by the
machine iron losses, taking the air -gap flux density and the
number of poles into account.

On the basis of the previous considerations, the following
constraints have been adopted for the optimized design.

Air - gap mean diameter lower than 150 mm
Inner rotor diameter greater than 70 mm
Stator slot pitch greater than 8 mm
Air - gap width  greater than 0.8 mm

4.6 DESIGN PROCEDURE

As is known, the main dimensions of the IM are related to the

apparent power A and torque T by the following relationships [28]
O 55 aP (4-1)
YQJ O Vi n
VO  clic (4-2)

where "Q is the operating frequency, L and D represent the axial
length and the air - gap mean diameter, 0 and 3 are the peak value
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of the air - gap flux density and linear current density, n is the
pole pairs number and O h- and AT O aret he winding factor, the
efficiency and the power factor, respectively.

As is possible to see from (4-1) and (4-2), for given value of
the required performance, the main dimensions L and D depend on
the ba sic design parameters 6 and 3.

The number of stator slots m ust be a multiple of the number of
phases. In order to produce a sinusoidal distribution of the
magnetomotive force at the air - gap, a distributed winding with an
integer number g of sl ot per pole per phase should b e chosen. The
greater the numbe r of stator slots the lower the value of the slot
pitch. Due to th e presence of the slot opening, increasing the
number of s lots the air - gap permeance will decrease, due to the
increasing influence efcoefficeet Carter 6

For a given number of stator slots, the number of the rotor
slots must be chosen taking c are of the magnetic interaction
between stator and rotor teet h [22] .The number of conductors per

slot nis given by

VIC G
, 4-3
¢ Uc¢ Q6 0o (4-3)

where  represents the rms value of the voltage applied to one of
the phase winding.

By assuming a high value of the iron permeability, the
constituti ve relationships of the IM allows the calculation of the
outer diameter of the stator once the surface current density J
and the flux density Bfe in the teeth and in the yoke are
selected.

These relationships equate the flux in a tooth to the flux in
the s lot pitch where the mean air -gap flux density is BM.
Particular attention should be given in cases where a very high
value of the flux density may be chosen. In these cases a non -
negligible magnetic flux will flow also through the slot and it
must be consi  dered. Further relationships equate the flux in the

yoke to the half of the flux per pole B 6 0 @N. The radial
dimension of the slot is calculated on the basis of the teeth
dimensions taking the current in a slot £"Q the value of 0 and the

slot fill factor into consideration. The last one must be
conservative, in respect of the reliability of the application.

The same considerations apply for the calculation of the inner
diameter of the rotor. In this case, the rotor bar currents are
calculated by using the power factor of the machine.

Once the overall dimensions are calculated, the equivalent
circuit of the machine may be built, allowing the determination of
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the characteristic curves of the machine, both in motor as well as

in generato  r operation. The resulting performance may match, or
not, the target design and constraints. In the positive case the

design is a candidate for the optimization. In the negative case

the design is discarded and new values of the design choices must

be adop ted.

Obviously, when performing the above described procedure, the

final design must be consistent with the assumptions made in (4-1)
and (4-2).
The characteristics of the optimized machine will strongly depend
on the adopted active material stress. This, in turn, depends on
the properties of the magnetic material. With reference to the
target applicat ion, the Fe - Co alloys represent an optimal choice
for the real ization of the magnetic circuit [30]. In par ticular,
referenc e is made to VACOFLUX 50, strip 0.2 mm, suppli ed by
VACUUMSCHMELZE GmbH & Co.KG. The B - H curve adopted h ere for the
design optimization is shown in Figure 4-4.
2.75 B-H Curve of ferromagnetic materiit|
25
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Figure 4-4 - B-H Curve of the magnetic alloy used for stator and
rotor lamination

From Figure 4-4 itis possible to see that, using this alloy, the

allowable flux density in the magnetic circuit can reach values up
to 2 T and more, with v ery high relative values of the
permeability, so avoiding iron saturation.

The specific losses n of the magnetic material are calculated as
a function of the local maximum value of the flux density B. On
the basis of the properties of the chosen material, the iron
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losses have been calculated with reference to Figure 4-5, were a

suitable coefficient has been included, considering the effects of
annealing and of the hardening of the sheet due to the punching
operation.

Specific iron losses

E 30
T
= 300 Hz
£ 20 - —— 200 Hz

10 - =100 Hz

o {

4] 0.5 1 1.5 2 25
B(T)
Figure 4-5 - Specific iron losses as a function of the maximum

value of the flux density, including annealing conditions and the
punching effects

The copper losses can be easily calculated at low frequency while
at high frequency the skin effect strongly influence these losses.

To reduce the skin effect, t he thickness of a conductor in slot
must be limited to proper thin level, which requires increasing
the number of conductors in the slot height direction [ 23]

4.7 TARGET DESIGN AD PROTOTYPE

The candidate machi nes for the embedded starter/generator
application are Induction Machines (IMs), Switched Reluctance
Machines (SRMs) and Permanent Magnet Synchronous Machines (PMSMs).
It is accepted that PMSMs provide higher torque density than SRMs
and IMs, but they are less intrinsically fault tolerant . The not -
eliminable presence of the back emf induced by the rotating
magnets poses severe problems in the faults management.
Furthermore the mechanical and thermal Ilimits of the magnets
(including demagnetization issues) c ould be not compatible with
the temperature constrains of the application (including the
thermal soak - back phenomenon at engine stop). On the other hand
the high speed and relatively low torque demanded by the
application make acceptable the lower torque d ensity of the
magnet! e s s solutions t hat show also a finatur a
capability, required by the constant power generation profile.

A suitable machine model of the quadruple three - phase IM was
derived in [24] by exploiting the potentialities of a specific
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space vector transformation. The inherent degrees of freedom of

the multiphase drive have been emphasized defining a technique for

current sharing management among the four three - phase stator
wi ndings. The total machine electric power can be split among the

four DC sources in a flexible way, with the usage of several

degrees of freedom.

In [24] the authors investigate potentialit ies of the fou r-
three - phase squirrel cage 100k VA induction machine characterized
by the specifications list ed in Table I. The high flux density of
the Fe -Co alloys let to design lighter magnetic cores with
different optimal trade - offs between copper and iron. For this
r eason Fe - Co laminations are rather common in the electric machine
production for aerospace applications. The high speed of the
motor - generator implies fundamental frequencies that bring the
specific iron losses in the range of 50 -100 W/kg. To cope with
thi s issue together with the high cost and high specific weight of
the material, can be convenient the reduction of the flux density
in the stator core. This fact prevents the utter exploitation of
the high flux density capability of the material, making viab le
the use of conventional Fe - Si lamination for the stator core; on
the contrary, it is out of discussion the use of the Fe - Co alloy
in the rotor, where the frequencies are low, letting the full
exploitation of the material and more room for the copper or
aluminum conductors

To investigate the potential improvement of the use of the Fe -

Co lamination in the rotor core, in comparison with a total Fe - Si
machine two scaled prototypes have been designed and realized. The

used Fe - Co material is the VACOFLUX 50, s upplied by VACUUMSCHMELZE
GmbH & Co, while the Fe - Si lamination is the NO 20 supplied by

Cogent Power Ltd. Both laminations have a thickness of 0.2 mm. In

order to reduce the manufacturing costs of the prototypes, and to

simplify the comparison, the same a ctive length (80 mm), the same
inner (110 mm) and outer (200 mm) diameter of the stator were
adopted. The numbers of stator (48) and rotor (40) slots have been

also assumed equal, as well as the slot fill factor.

For both the scaled - Size prototypes the tar gets for the wanted
performances are listed in Table II.

The performed design process allowed to find solutions with
high efficiencies with acceptable power factors and thermal
compatibility. The main differences of the two final designs are
shown in Table I 1. For display purposes, Figure 4-6  allows to
compare the two rotor laminations. As it is possible to see in
Table Ill, the higher magnetic saturation level of the Cobalt Iron
alloy led to thinner width of the stator and rotor teeth of the
FeCo prototype even if it was designed with a lower number of
conductors per slot which means a higher value of flux per pole.
As a result of the design process, the expected rated performances
of the two machines, for generator and motor ope rations, are as
reported in Table IV and Table V, respectively. The manufacturing

60



process was performed by Electrical Discharge Machining (EMD) of

the stator and rotor laminations. Then, the die cast rotors and

the twelve phase wounded stators have been lo cked in the housing
having shields equipped with ball bearings designed for the

required high rotational speed. Also included were the temperature

probes and the incremental encoders.

Table 4-1 - Characteris tics of the Scaled Prototypes

Starter/Generator
Number of phases 12 (4x3 - phase, star connected)
Rated voltage of each 3 - ph system 186 Vrms
Constant V/Hz operation up to 267 Hz

Generating mode

Continuous output power 10 kVA

Constant power range 6000t o0 15000 rpm

Overload 150% 5 min., 200% 5 sec

Cooling system air, forced ventilation.

Table 4-2 - Differences in the Design - Result of the two Prototypes

Fe- Si rotor Fe- Co rotor

Stator tooth width 3.8 mm 3.6 mm
Stator yoke width 18 mm 20 mm
Conductor per slot 19 17
Rotor tooth width 3.8 mm 3.0 mm
Rotor yoke width 14 mm 16 mm
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Table 4-3 - Generating - Mode, 10kVA electric output, rated voltage
Fe- Si Pr ototype Fe- Co Prototype

Rated speed 6079 rpm at 200 Hz 6055 rpm at 200 Hz
Rated current 10.3 A 10.3 A
Current density 4.1x10 ® A/m? 4.0x10 ° A/m?
Efficiency 94.8 % 94. 9 %
Power factor 0.75 0. 68

Table 4-4 - Motoring - Mode, 10kW Shaft power, rated voltage

Fe- Si Prototype

Fe- Co Prototype

Rated speed

5914 rpm at 200 Hz

5941 rpm at 200 Hz

Rated current 10.6 A 115A

Current density 4.3x10 ° A/m? 4.4x10 ° Alm?
Efficiency 93.0 % 93.2%

Power factor 0.79 0. 73

Figure

4-6 - Picture of the rotor Iaminations of the two

prototypes FeSi (Left) and FeCo (right) External diameter is about

110mm
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4.8 EQUIVALENT CRCUIT PARAMETERS

MEASUREMENTS

For both the investiga ted prototypes the parameters of the
electric equivalent circuits have been experimentally determined
by the well -known no-load and locked rotor test [25]. The
prototypes have been tested connecting the sta tor windings in
three - phase mode, star connection, and using a programmable
sinusoidal power supply (rated 40 kVA, 0 -520 V, 50 - 300 Hz, voltage
THD < 0.1%). Then, the machine parameters have been referred to
the 12 - phases connection

4.8.1 NO LOAD TESTS

Six no -1 oad tests have been performed changing the frequency
from 50 Hz up to 300 Hz, with steps of 50 Hz. Due to the voltage
limitation of the available power source, for frequency higher
than 150 Hz it was not possible to get the rated flux conditions,
and the m aximum available supply voltage was used as reference
voltage for the test elaborations.

Table 4-5 - No- Load test result for the Fe - Si 12 Phase Prototype
Frequency, (Hz) 50 100 | 150 | 200 | 250 | 300
12- phases ref. voltage, (V) 46.5 93 130 | 130 | 130 | 130
No- load current, (A) 554 | 559 |5.06 |354 |277 |2.29
Iron losses, (W) 305 [85.3 | 105 | 103 | 974 |91.6
Mechanic. losses, (W) 20.4 | 451 |655 | 105 | 161 | 256

Table 4-6 - No-Loadte stresultforthe F e- Co 12 Phase Prototype
Frequency, (Hz) 50 100 | 150 | 200 | 250 | 300
12- phases ref. voltage,(V) 46.5 93 130 | 130 | 130 | 130
No- load current, (A) 554 | 559 |5.06 |354 |277 |2.29
Iron losses, (W) 305 |85.3 | 105 | 103 |974 |91.6
Mechanic. losses, (W) 204 | 451 |655 | 105 | 161 | 256
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For the Fe -Si and Fe - Co prototype, the no - load current, iron
losses and mechanical losses estimated at the reference voltage

are reported in Table 4-5 and Table 4-6. For a bett er
understanding of these results, the iron and mecha nical losses are
shown in  Figure 4-7 and Figure 4-8, respectively. It is possible

to observe that in the whole frequency range the Fe - Co prototype
has higher iron losses with respect to the Fe - Si counterpart. In

flux weakening conditions (frequency higher than 150 Hz), the iron

losses decrease for both the machines. The performed variable

frequency no -load tests show that the two machines practically

hav e the same mechanical losses (see Figure  4- 8). This results was
expected because the two prototypes are equipped with the same

bearings.

Additional examples of no -load te st results are reported in
Figure 4-9 and Figure 4-10. The former figure shows the no - load
current trends for two different frequencies where it is possible
to reach the rated flux in the machine (stator Emf / frequency

ratio equal to 0.93 V/Hz). The latter report s the iron losses
still as function of the Emf/frequency ratio. Also in this case,

it is possible to observe that the Fe -Co prototype is
characterized by higher values of the no -load currents and iron
losses.

160 + Iron losses(W) 7 -
S
140 2 L.
V4 ~.-----
120 - !
100 L S ---'%“"T
I, iﬂ” . ---’
80 ,’ ’I -0- FeS|
U4
60 7,7 -#-FeCo
40 -,‘, |
s |
20 .
Frequency(Hz)
0 : I
0 50 100 150 200 250 300

Figure 4-7 - No- load tests results: iron losses at the reference
voltages as function of the supply frequency.
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Figure 4-9 - No- load tests results: no - load current as function of

the stator back Emf / f ratio for 50 Hz and 100 Hz
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Figure 4-10 - No- load tests results: iron losses as function of

the stator back Emf / f ratio for 50 Hz, 150 Hz, and 250 Hz
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4.8.2

The prototype

LOCKED ROTOR TESTS

the same frequency values adopted during the no

computed locked rotor
are listed in

parameters for the two 12

s have been tested in locked rotor condition at

- load tests. The
- phases prototypes

and Table 4-8 for a reference phase current of 10 A

and a reference temperature equal to 160 °C. These results put in

evidence that the two machines have quite different v alues of

locked rotor resistance and locked rotor reactance. It is

important to remark that, for each test elaboration, the total

locked rotor reactance has been split in the stator and rotor

contributions in accordance to the adopted standard. Anyway, usi ng

all the performed locked rotor tests a different elaboration could

be done in order to take into account, for example, the skin

effect for the rotor parameters [ 26] .

Table 4-7 - Locked Rotor Test Result for the Fe - Si 12 Phase
prototype (Reference Current 10A, Reference Temperature 160°C)
Frequency, (Hz) 50 100 150 200 250 300
L.R. voltage, (V) 134 22.5 315 40 48.5 57
L.R. losses, (W) 564 699 828 946 1063 | 1170
Stator resistance,( Q) 0.218 |0.218 |0.218 |0.218 |0.218 | 0.218
Rotor resistance,( Q) 0.252 | 0.365 |0.472 |0.570 |0.667 |0.757
Stator reactance,( Q) 0.308 |0.581 |[0.838 |[1.089 |1.334 |1.571
Rotor reactance,( Q) 0.308 |0.581 |[0.838 |[1.089 |1.334 |1.571
Table 4-8 - Locked Rotor Test Result for the Fe - Co 12 Phase

prototype (Reference Current 10A, Reference Temperature 160°C)
Frequency, (Hz) 50 100 150 200 250 300
L.R. voltage, (V) 9.2 15.6 21.8 28 33.7 40
L.R. losses, (W) 407 503 602 691 771 845
Stator resistance,( Q) 0.188 |0.188 |0.188 |0.188 |0.188 |0.188
Rotor resistance,( q) 0.156 | 0.236 |0.319 |0.392 |0.460 |0.521
Stator reactance,( Q) 0.205 |0.398 |0.579 |0.752 |0.923 |1.091
Rotor reactance,( q) 0.205 |0.398 |0.579 |0.752 |0.923 |1.091
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4.9 LOAD TEST AND VALIDATION OF THE

SIMULATIONS

At the moment, it is not yet possible to fix the Fe -Co
prototype (feet mounting) on the test bench available in the
laboratory. For this reason, the load tests have been performed on

the Fe -Si prototype (flange mounting) only. The Fe - Si prototype
has bee n positioned on the test bench ( see Figure 4-11) and tested

in load conditions connecting the 12 phases winding in three - phase
mode. Again, due to the voltage limitation of the available three -
phase power supply, the load tests we re performed for a supply

frequency of 50Hz and 100Hz, where it was possible to provide the

rated flux to the machine. During the load tests the adsorbed

electrical quantities, the shaft torque and speed have been

recorded, together the stator winding temp erature (by means of the
stator resistance measure at the beginning and the end of test).

Aims of the performed load tests were the validation of the
machine performances computed by means of the equivalent circuit.
Since the machine parameters have been d irectly measured on
machine, and the non - linearity due to the magnetic saturation (on
the iron losses and magnetizing current), such as the skin effect
(for the rotor resistance and the rotor leakage) are taken into
account in the equivalent circuit, an go od accuracy of the
simulation results is expected. Anyway,
that an experimental validation is mandatory in order to be
confident on the Fe -Si and Fe -Co motor performance comparisons
presented in next section. Referring the motor p arameters to the
working temperature measured during the 50Hz and 100 Hz load
tests, the agreement between measurements and simulations has been
found to be very good, both for the electrical and mechanical
guantities. Due page limitation reasons, only few examples of the
results for the load test at 100 Hz can be presented here. In
particular, from Figure 4-12 upto Figure 4-14 the torque, stator
current and power factor characteristic versus the speed ar e
shown.
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Figure 4-14 - Power Factor vs sp eed of the Fe - Si prototype (f=100
Hz, reference temperature 46°C)

4.10 PROTOTYPEPERFORMANCKE OMPARISONS

Operations at the rated supply of 200 Hz have been initially
simulated for both the prototypes. The measured equivalent circuit
parameters have been referr ed to the rated voltage (186 V for the
12- phases connection) and the temperature of 160 °C. The computed
performances are reported in the following figures. In particular,
the torque - speed characteristics are reported in Figure 4-15 and
Figure 4- 16, where it is possible observing that, with respect to
the Fe - Si prototype, the Fe - Co one is able to provide a higher
maximum torque and a steeper trend of the stable region. A good
overload capacity for the Fe - Co prototype is very welcome because
in the considered starter - generator application a wide constant
power speed range regulation is required. On the other hand, for a
definite speed, the adsorbed current will be higher for the Fe -Co
machine, as shown in Figure 4-17, resulting in bigger Joule losses
(see Figure 4-18). From the power factor point of view, there are
not so significant differences between the two machines, at least

for torque values lower than 20 Nm (or speed higher than 5900
rom), as proven by Figure  4-14. With respect to the efficiency,
the Fe - Co prototype results to be better of the Fe - Si counterpart.
Looking at Figure  4-20, in the speed ra nge 5900 -5950 rpm (that
correspond to a torque range of 20 -10 Nm) the efficiency
improvements can be estimated in 1 - 2 percentage points.

Finally, the same simulations have been also done for a supply
frequency equal to 50 and 100 Hz. The main motor perform ances for
the three considered frequencies and rated powers (50Hz - 2.5kW,
100Hz- 5kW, and 200Hz - 10kW) are listed in Table 4-9. Without enter
again in the details, also the simulations at the new frequencies
confirm all the previousl y reported considerations derived for the
200Hz case.

70



Figure

50

Shafttorque, (Nm)
N
30 /
20 —
—FeSi
10 7 —Feco
0 | Sipeed,(rlpm) .

0 1000 2000 3000 4000 5000 6000

Figure 4-15 - Torque speed characteristics

50
Shafttoraue. (Nm)
40 \\
30 N\

20 \\

—FeSi \\

10 T —Feco
0 | ~ Speed, (rpm)
5500 5600 5700 5800 5900 6000
4-16 - Torque - Speed characteristics detail of the s table
region

80

70 Stator current, (A)

50 T

40 —— N

30 \\\
—FeSi R\

20 +—

10 - —FeCo

0 | Speed, (rpm)

0 1000 2000 3000 4000 5000 6000

Figure 4-17 - Stator current vs speed characteristics

71



4000

Joule losses, (W |
3500 \ — FeSt Stator |
3000 S --- FeSiRotor -
2500 N FeCo Stator-
2000 ==~ X --- FeCo Rotor -
\s
1500 oS \\
1000 ERCERE SN
~~‘:x

500 SoSSS

0 Speed, (rpm) IS

5500 5600 5700 5800 5900 6000

Figure 4-18 - Stator and rotor Joule losses vs speed
characteristics

1 . T
Power factor

— T~
0.6 — AN
0.4 \

—FeSi \
0.2 -~ —FeCo

0.8

0 Spetlad, (rpm)

5500 5600 5700 5800 5900 6000

Figure 4-19 - Power factor vs speed characteristics

1 | T
Efficiency

0.8 —
0.7 —FeSi

—FeCo \
0.6

Speed, (rpm

0.5 pee (rpm)

5500 5600 5700 5800 5900 6000
Figure 4-20 - efficiency - speed characteristics

72



Table 4-9 - Simulation result forhe Fe -SiandFe -Co 12 Phase
Prototypes (Reference temperature 160°C)

FeSi | FeCo | FeSi | FeCo | FeSi | FeCo

Frequency, (Hz) 50 100 200
Shaft power, (W) 2500 5000 10000
Supply voltage, (V) 46.5 92.7 186

Speed, (rpm) 1411 | 1427 | 2897 | 2930 | 5895 | 5925

Slip% |5.91|4.89 |343 |233 |1.76 |1.25

Stator current, (A) 119 122 114 | 120 |115 |12.2

Adsorbed power, (kW) 3.08 [3.01 |5.64 |557 |11.0 |10.9

Shaft torque, (Nm) 169 |16.7 16,5 |16.3 |16.2 |16.1

Efficiency 0.81 |0.83 [0.88 |[0.90 [0.91 |0.92

Power factor 0.80 |0.76 [0.77 |0.72 |0.74 |0.69

4.11 CONCLUSIONS

By comparing the calculated results shown in Table 4-9 with
the expected performance of the two prototypes reported in Table
V, it appears that the slip, at rated power and frequency, is
larger than expect ed. This situation usually happens when the
rotor resistance is larger than expected. In our case, the
increased resistance could be due to the presence of an anomalous
level of impurities during the mold of the die casting of
prototypes. Another differenc e appears in the values of the
currents at rated load which are larger in the realized
prototypes than expected. This could be due to an inadequate

representation of the B -H characteristics of the magnetic
materials and/or to a degradation of the magnetic properties of
the stator and rotor surfaces facing the air -gap. As a

consequence, the higher values of the currents determine lower
values of power factors.

Both the higher slip values and the higher stator currents
lead to the lower values of the efficie ncy compared to the
expected ones. The calculated results confirm that the use of the
cobalt -iron lamination allows for overall better performances of
the Fe -Co prototype in terms of lower rated slip and higher
efficiency. These better performances have be en obtained at the
expense of the lower value of the power factor of the Fe -Co
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prototype. Finally, it must be noted that, as it is shown in

Figure 4-15 and Figure 4-16, the maximum torque and the peak val
of the output power of the Fe - Co prototype are greatly better than
that of Fe - Si prototype, ensuring an improved reliability during
overload operations.

The next step will be the development of the third scaled machine

with both the stator and the rotor cores made of Fe
laminations, to assess the advantages and the drawbacks of the

different choices.
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Chapter 5
DYNAMIC STATOR CURRENTSHARING IN
QUADRUPLEITHREE PHASE | NDUCTION

MOTOR DRIVE

o.1 ABSTRACT

In this chapter , a Fie Id Oriented Control scheme for torque
and rotor flux regulation of a quadruple three - phase induction
machi ne is presented. Each three -phase stator winding is
independently supplied by a conventional three - phase inverter. The
presented motor drive can be ut ilized in medium and high power
systems. Furthermore, owing to the intrinsic redundant structure,
it can be employed for applications requiring a high degree of
reliability, such as More  Electric Aircraft. A specific machine
model is achieved by introducin g a proper multiple space vector
transformation, suitable for the particular stator winding
arrangement of the machine. Furthermore, exploiting the degrees of
freedom of the system, a current sharing management technique

among the four three - phase stator w indings is presented. In this
way, a flexible power flow control can be employed. The modulation

strategy of the four three - phase inverters is based on the
principle of three - phase decomposition. The effectiveness of the
presented control scheme is verifie d by means of numerical
simulations

76



5.2 | NTRODUCTION

Multi - phase motor drives have many advantages with respect to
their three - phase counterparts. In particular, the load power can
be split into multiple phases, leading to Voltage Source Inverters
(VSIs) havi ng switching devices with limited power and current
rating. Furthermore, the additional degrees of freedom related to
a higher number of phases of the drive can be successfully
exploited in different ways, such as increasing the electrical

machine torque d ensity, developing multi - motor drives, and
improving the fault tolerant capability [27], [28]. Nowadays,
multiphase drives are recognized as a viable ap proach for high -

power applications and can be employed in systems in which a high
degree of reliability is required.

Among the multiphase drives, the multiple three - phase ones are
particularly attractive, since they exploit the well - known three -
phase techn ology for the conversion structure. Dual, triple and
guadruple three - phase machines have been emp loyed in several
applications [29], [30], [31], [32]. Owing to their redundant
structure, multiple three - phase drives ensure a high degree of
fault tolerant capability, which is appreciated in some crit ical

applications, such as More Electric Aircraft (MEA). The MEA

technology is based on the idea of replacing hydraulic and

pneumatic actuators with their correspondin g electromagnetic
counterparts [ 33] . In particular, the aeronautic propulsion system

can be improved, according to the More Electric Engine (MEE)

philosophy, adopting an electric multiphase starter - generator
embedded wi thin the main aircraft engine [ 34] . This multiphase
machine can be used as a motor for the starting and as generator

during the flight. The key advantages of MEE are the removal of

the hydraulic pumps and of pneumatic starting system, and the

optimization of the operation of the aircraft motor.

In this chapter , a quadruple three - phase induction motor drive
is presented. In the machine, four three - phase stator windings
with isolated neutral points, supplied independently by four two -
level three - phase VSIs with separated dc sou rces, are arranged in
the stator slots with a spatial shift of 15° electrical degrees. A
schematic draw of the induction motor drive is illustrated in Fig.
1. Note that, the four VSIs can be supplied also by only one dc
source. The description of the quadr uple three - phase machine is
not trivial, due to the magnetic coupling among the four three -
phase windings. Therefore, a suitable machine model is derived by
exploiting the potentialities of an opportune multiple space
vector transformation. The proposed tr ansformation can be
considered a generaliz ation of the one presented in [35] for a
dual three - phase machine.

A conventional Field Oriented Control (FOC) scheme is adopted
for torque and rotor flux regulati on, whereas the additional
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degrees of freedom of the multiphase drive are utilized for the

management of the stator current sharing among the four three -
phase stator windings. This feature allows a flexible power flow

control to be obtained. A similar appr oach has been used in [ 36]
for a dual three - phase induction machine. Note that, the fault

operating conditions due to the stop of one or more inverters, can

be simply accomplished with a particular choi ce of the stator
current sharing coefficients. The definition of the modulation

strategy for the four three - phase VSis is not so straightforward.

Some solutions, based on Vector Space Decompo sition, have been
proposed in [37], but they are valid for dual three - phase
machines, only in particular operating conditions, and cannot be

easily generalized. In this paper, the principle of the three -

phase decom position of multiphase systems [ 38] is adopted. In this
way, the well - known modulation strategies available for three -
phase VSlIs can be utilized.

The effectiveness of the proposed quadruple three - phase induction
motor drive, with stator current sharing c apability, is verified
by means of simulation results. A system prototype is under

development.

A C

NE2

Vdc': f\J; I IVdC
B D

Figure 5-1 - Structure of the quadruple three - phase induction
motor drive

5.3 QUADRUPLE THREEPHASE INDUCTION MAGHINE

The quadruple three - phase induction machine is equipped with a
squirrel cage rotor. Four three - phase windings, named A B, C and
D, spatially shifted of 15° electrical degrees, are arranged in
the stator slots. Each three - phase winding is separately star -
connected. The positions of the magnetic axes of the twelve stator
wi ndings are illustrated in Figure 5-2.
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5.3.1 MACHINE MODEL

The machine model can be developed by starting from the
analysis of the air gap magnetic field produced by the stator
currents. Under the assumptions usually adopted for the analysis
of ac machines, the stator magnetic field can be expressed, in a
stator reference frame, in terms of three - phase stator current
space vectors in the following compact form:
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where, Ns is the number of series - connected conductors per phase, d
is the air gap length, p the number of pairs of poles, A the real
part operator, Kwg the r-th w inding coefficient, gs a stationary
angular coordinate in electrical radians whose origin is aligned
with the magnetic axis of phase A 1, whereas isar fsgy Isc,and ig, are
the thre e- phase stator current space vectors (see Appendix). The
symbol Ai*0 identifies the complex conjugate (

Besid es the fundamental component, (5-1) takes into account

the fifth, the seventh and the eleventh spatial harmonic, and is

expressed in terms of the instantaneous values of the stator

currents. Note that the third and the ninth spatial harmonic are

null, since they can be generated only by the zero - seguence
components of the stator currents, which are zero owing to the

star connection of the windings.

The analysis of (5-1) suggests the definition of four new
space vectors (multiple space vectors), whose direct and inverse
transformations are illustrated in Appendix. The adopted multiple

space Vv ectors, specifically defined for quadruple three - phase
machines, allow (5-1) to be rewritten as
. @) 0 ‘ @) 0 ,
Q7 ho P Q -Pp [Q
T R r U""D.r 5
QL L ) @ U . 5-2
——P [Q —QpP Q
xa ! op1 1



As can be seen, the stator current space vectors U PR P
and iy, independently generate the first, the fifth, the seventh
and the eleventh spatial harmonic components of the magnetic field
in the air gap, respectively. In the following, sinusoidal
distributed stator windings are assumed
( Kuss = Kusr =Kus1=0), and then, only the space vector iy produces air
gap magnetic field.

It can be demonstrated that the mathematical model of the
quadruple three - phase induction machine, expressed in terms of
multiple space vectors in a stationary reference frame, can be
written as follows:

" ger 2
© Y0 55 (5-3)
S S (5-4)
(9
v 5 1 . - 5_ 5
m 'Y [ oQn 53 (5-5)
S A (5-6)
T=6pM;igQigy, (5-7)
—_— - di_
Vs = Rslgs + Less d?S (5-8)
_ - di,
Vg7 = Rglgy +Lgy d? (5-9)
_ - di.
Va1 = Rslgiy + Leag dsill (5-10)
A, |
C
D
——————————— ->
Y
B3 C3 D3
Figure 5-2 - Spatial position of the magnetic a xes of the twelve

stator windings
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where Ls;, Lri, and M are respectively the stator, the rotor, and

the mutual inductances of a;- b1 plane , whereas Llss, Loy, and Lsnt
are the stator leakage inductances of as- bs, a;-bs, and ai- by
planes.

Four decoupled sets of equations can be recognized. The first

one, i.e., (5-3) - (5-7), concerns the variables of the ai- by
plane, namely the variables involved in the electromagnetic

conversion process and then in torque and air - gap flux generation.

The second one, the third one, and the fo urth one, represented by
(5-8), (5-9) and (5-10), are related to the variables of as- bs, ar-
bz, and  aii- bay planes  (auxiliary variables) , respectively.

As can be seen, the contro | of torque and flux is achieved by
acting on the space vector Vg Inthe  aj;-b; plane. However, also the
space vectors Vs, Vs7, @nd Vg4, in the other a-b planes, must be

taken con temporarily under control, since they define the current
sharing among the four three - phase stator windings, as
demonstrated in follow section.

5.3.2 THREE PHASE SPACE VECTOR

The behaviour of the quadruple three - phase induction machine
can be described in terms of four three - phase space vectors, one
for each three - phase stator winding. The well - known linear
transformations are

o _2f -8 _16]
xA—glel+xA2a +Xp3d | (5-11)
- _2f -8 _16]
XB—g_XBﬁXBza +Xgzd | (5-12)
. = 2| + X0 AO 16 5-13
Xc—g,xm Xco@ TXczd (5-13)
— -8 16
o =5 Xo1 T Xp2 @ T Xpzd | (5-14)
Note that, a=exp( p/12). The zero - sequence components are null due
to the four isolated neutral p oints

533 MULTIPLE SPACE VECTORS

A more useful model of the quadruple three - phase induction
machine can be achieved by introducing four specific space vectors
(multiple space vectors), which are defined according to the
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arrangement of the stator windings in t he slots. The linear
transformation s are the following

I S

%= 5 [%a+ %5 3 +X-a’+Xya° (5- 15)

_ _ 1] 5, o =10, o* =15]

Vs =—|Xpat+Xga +X-a  +Xpa (5-16)

ol o 7o 214, o =21

Y7=7[XatXg@ *+Xca " tXpa (5-17)

— 1_* % _*x __ _*_.

y11:ZXA+XBall+XCa22+XDa9 (5-18)
where the symbol A*o0 identifies t logerataro.mpl e x
The corresponding inverse transformations are

Xa=Y1+tYs+ Y7+ V11 (5-19)

Xg =987 +ysa +y; @ +ya (5-20)

Xe =HATHYA +y A0 +YE (5-21)

S —o352l,5515,5 53, . 59 i

Xp =hra"+tysa+y;a +y,a (5-22)

0.4 STATOR AND CURRENT SHARING ©®NTROL

STRATEGY

In this Section, a control strategy able to control the stator
current sharing is presented. Since machine equations (5-3) -
(5-7) are similar to that of a three - phase induction machine, a
conventional FOC scheme can be adopted to control torque and rotor
flux. Therefore, the stator current vector iy depends on the drive
operating condition, i.e., torque reference, rotor flux reference,
and rotor spee d. On the contrary, the auxiliary stator current
vectors iss, is7, and iy, can be considered as degrees of freedom,
and can be exploited in order to manage the current sharing among
the four three - phase stator windings.

According to (5-19), the space vector iy Of the stator current can
be expressed as
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In order to minimize the amplit ude of the stator currents, the

four contr  ibutions in the right hand of (5-23) must be in phase,

leading to
isg=4Kgigat (5-25)
isc=4Kciga? (5- 26)
isp=4Kpiga? (5-27)

where K, Kg, Kc and Kp are the current sharing coefficients, which

must satisfy the following constraint:
O L U U p (5-28)
Taking the transforma tions (5-20) - (5-22), and (5-24) - (5-27)
into account, leads to the following relationships:
is5 =(Ka+jKg- Ke- jKp)ig (5-29)
is7 =(Ka+iKg- Kg- jKp) is1 (5-30)
is11= (Ka- Kg +Ke - Kp) i (5-31)
The relationships (5-29) - (5-31), valid in the stationary
reference frame, give the instantaneous values of the auxiliary
stator current vectors , according to t he required current sharing.
It should be noted that, in the particular case of Ka=Kg=K=Kp=1/4,
i.e., balanced stator current sharing, all the auxiliary stator
current vectors are null. It can be demonstrated that, when the
degree of unbalance is small, t he current sharing coefficients can

be considered as instantaneous power sharing coefficients, with
good accuracy.

55 CONTROLSCHEME

The block diagram of the control scheme ensuring a decoupled
regulation of torque, rotor flux and stator current sharing is
emphasized in Figure 5-3.
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Figure 5-3 - Block diagram of the control scheme

2.5.1 TORQUE ANDROTOR FLUX CONTROL

According to the well - known FOC principle, torque and rotor flux
control is achieved by acting on the q and d components of the
stator current, in a synchronous reference frame S" having the d

axis aligned with the rotor flux I'm- The angle g is the argument

of the estimated rotor flux. The PI current regulators Pl(c) and
PI(d), which are adopted for the current tracking, calculate the d
and g components of the reference voltage vector Vst ref »

respectively. The corresponding a-b components Vg er, aNd Vg s are
obtained through an opportune rotation.

55.2 AUXILIARY STATOR CURRENTCONTROL

In order to achieve a zero steady - state tracking error, the
control of the auxiliary stator current vectors must be
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implemented in two different synchronous reference frames, as
explained in the following.

Equation  (5-30) shows that the current vector is; IS proportional

to iy, and then, in steady - stat e conditions, rotates synchronously

with [k . On the contrary, (5-29) and (5-31) emphasize that the
current vectors iss and ig, are proportional to i, and then rotate
synchronously with | r - As a consequence, the Pl current regulators

for ig,, PI(g) and PI(h), are implemented in the reference frame S*
synchronous with i, Whereas the PI current regulators for iss and
s, Pl(e), PI{), PI(i) and PI(l), are implemented in the

reference frame S, which is synchronous with [ (see Figure 5-3 -
Block diagram of the control scheme ). A diagram illustrating the

three reference frames involved in the control strategy is shown
in Figure 5-3.

by- bs- by- by
N

a;1 oy Osi Q11

Figure 5-4 - Diagram of the three r eference frames involved in the
control strategy

Equations (5-29) - (5-31) <can be rewritten in the opportune
synchronous reference frames, in terms of d -q components, as
follows:
issg = (Ka - Ke) s +(Kg - Kp) s (5-32)
ISSq:(KB' Kp) isig *+(Kc - Ka) Is1q (5-33)
is7g = (Ka- K¢ ) isia +(Kp - Kg) isq (5-34)
iS7q:(KB' Kp) isig *+(Ka- Kc)ism (5-35)
Is11d :(KA' Kg +Kc - KD)i81d (5-36)
ian:(' Kat+Kg- KC+KD)i81q (5-37)
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The relationships (5-32) - (5-37) allow determining the reference

values of the d -q components of the auxiliary stator current

vectors in the block diagram of Figure 5-3. The PI current
regulators Pl(e) - PI(l), calculate the d and q components of the

reference voltage v ector  Vgsrer, Vsrer, @and Vg The corresponding a-

b components are obtained through an opportune rotation.

5.5.3 MODULATION STRATEGY OF THE FOUR THREE PHASE

| NVERTERS

The modulation strategy of the three - phase VSIs is based on
the concept of three - phase decomposition. In other words, the
control principle of the quadruple three - phase machine is based on
the multiple space vector representation of all the twelve - phase
guantities of the stator windings, whereas, on the contrary, the
control principle of the inverters exploits the three - phase space
vector repres entation of the three - phase quantities of each three -
phase stator winding.

The reference values of the three - phase stator voltage
vectors, according with the inverse transformation s (5-19) -

(5-22),canb e obtained as follows

Vsa =V * Vs *+ V7 + Vs (5-38)
Vge =Vg a2 + Vg a0+ Vg a0+ Vg, 3% (5-40)
The well - known modulation strategies for three - phase VSlIs (SVM
or carrier - based PWM) can be adopted.

5.6 SIMULATION RESULTS

To emphasize the effectiveness of the presented control
scheme, some nu merical simulations have been carried out using

Matlab Si mul i nk E. The parameters of t he
machine are shown in Tab. I. The input DC voltage of the four
three - phase VSis is 215 V, whereas the switching period is 100 ns.

The Space Vector PW M technique is implemented for the control of
each three - phase VSI
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The simulated operating condition is described in the
following. The induction machine operates at constant speed (3000
rom) and the rotor flux reference is maintained constant at the
rate d value (0.092 Wb). The torque reference has a staircase
waveform, with the following values: 160 Nm (rated value) from
0.4s to 0.5s, 80Nm from 0.5s to 0.9s, and 120Nm from 0.9s to 1.1s.

The values of the current sharing coefficients are Ka=Kg=K=Kp=1/4
(b alanced current sharing) from 0.4 s to 0.7 s, whereas, from 0.7s
to 1.1s, they are Ka=0.325, Kg=0.275, Kc=0.225, and Kp=0.175.
The simulation results are shown in Figs. 5 - 10.
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Figure 5-5 - Waveform of the e lectromagnetic torque

=
(o)

Current E1q (A)
o

50
8.4 0.5 0.6 0.7 0.8 0.9 1 11
Time (s)
Figure 5-6 - Waveform of the g componen t of the stator current
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Figure 5-7 - Waveform of the rotor flux magnitude
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Figure 5-8 - Waveforms of the d - g components of the auxiliary
stator currents
The waveform of the torque is illustrated in Figure  5-5,
whereas the behavio ur of the current i siq IS emphasized i n Figure
5-6. They confirm the good behavio ur of the torque control in
balanced
(t < 0.7s) as well as unbalanced (t>0.7 s) stator current sharing
conditions. The high frequency torque ripple is due to the
switching effects of the VSIs. As can be seen in Figure 5-7, the

rotor flux magnitude matches the reference value. The waveforms of
the d -q components of the auxiliary stator currents are shown in

Figure  5-8. As expected, in bal anced sharing condition all the

auxiliary currents are zero. On the contrary, in unbalanced

sharing condition, the auxiliary currents assume non - zero values,
which depend on i sta and i siq, according to egs. (5-32) - (5-37).
The waveforms of the stator currents | sa, Isp, Isa and isp (one
for each three - phase stator winding) are shown in Figu re 5-9. They

emphasize the stator current sharing capability of the proposed
motor driv e. In fact, in balanced sharing condition, the
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amplitudes of the currents are the same, whereas, in unbalanced
sharing condition, the amplitudes are different, in agreement with
the values of the sharing coefficients. The filtered values (time

constant t =500 ns) of the instantaneous stator power of the four

three - phase windings are illustrated in Figure 5-10.
waveforms confirm that the current sharing coefficients can
regarded as power sharing coefficients.
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Figu re 5-9 - Waveforms of some stator currents. a) Current iSA1,
b) current iSB1, c) current iSC1, and d) current iSD1.
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Figure 5-10 - Filtered values (time con stant 500u s) of the
instantaneous stator powers of the four three - phase windings
5.7 CONCLUSION
In this chapter , a motor drive for medium and high power
applications, based on a quadruple three - phase induction machine,
has been presented. Four two - level VSIs independently supply the

three - phase stator windings. The machine model has been achieved
by introducing an opportune multiple space vector transformation,

suitable for the particular stator winding arrangement. Exploiting
the inherent degrees of freedom of the multiphase drive, a current

sharing management techniqgue among the four three - phase stator
windings has been presented. Since, the current sharing
coefficients can be regarded as power sharing coefficients, the

proposed control algorithm allows tota | motor power to be split
among the four dc sources , in a flexible way, with three degrees
of freedom. The three - phase decomposition method has been employed

in order to establish the modulation strategy of the four three

phase VSIs. The stator current sha ring capability of the proposed
guadruple three - phase induction motor drive has been emphasized by

means of simulation results. A system prototype is under

development, and some experimental results will be presented in a
future work
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Chapter 6
A MODULATION STRATEGY FORMATRIX
CONVERTER WITHEXTENDEDCONTROL
RANGE AND REDUCEDSWITCHING POWER

LOSSES

6.1 ABSTRACT

This paper is focused on the enhancement of the control range
of matrix converters (MCs) operating with non - unity input power
factor and, at the same time, on the reduction of the switching
power losses. The analysis leads to the determination in closed
form of a modulation strategy that features a control range, in
terms of output voltage and input power factor, that is greater
than that of the traditional s trategies under the same operating
conditions, and a reduction in the switching power losses. The
idea behind the improvement of the modulation strategy is that the
control system takes advantage of the information provided by the
measurement of load curre nts, which are usually available in
electric drives, and uses a quick algorithm to reduce the number
of switch commutations. The feasibility of the proposed strategy
is verified by computer simulations and experimental tests.

6.2 | NTRODUCTION

The performance of MCs is strictly related to the adopted
modulation strategy. Several modulation strategies, based on
different mathematical approaches, have been presented in the past
[ 39] . Each of them shows differen t features in terms of number of
switch commutations in a switching period or degree of utilization
of the input voltage. Alesina and Venturini proposed the
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principles of MC modulation in the early 1980's [ 40] . The original
theory limited the voltage transfer ratio to 0.5, but it was

showed later that, by means of third harmonic injection

techniques, the maximum voltage transfer ratio could be raised to

0.866, a value which is considered an intrinsic limitati on of
three - phase MC with balanced supply voltages [41].

Probably, the most used modulation strategy for MCs is the Space
Vector Modulation (SVM), since it is particularly suitable for
digital implementati on, provides adequate exploitation of the
input voltage and good load current quality. Basically, two
methods for the implementation of SVM for MCs are used. The first
one, presented in [ 42], is also defined "indirect method", because
the MC is described as a virtual two stage system, namely a 3 -
phase rectifier and a 3 - phase inverter connected together through
a fictitious DC - link. The indirect approach was developed in such
a way to allow the control of the input power factor, to fully
utilize the input voltages and to improve the modulation
performance  [43], [44]. The indirect approach has the advantage of
sim plicity, since it applies the well - established SVM for Voltage
Source Inverters (VSIs) to MCs.

Figure 6-1 - Basic scheme of matrix converters

The second approach to SVM for MCs wa s presented in [45] . This
algorithm is based on the instantaneous representation of input
and output voltages and currents as space vectors. It analyses all
the switching configurations that are available in three - phase MCs
and does not need the concept of a virtual DC link.

For completeness, it is worth noting that in recent years many
other control methods have been proposed, such as the carried -

based modulation [ 46] , the modulation scheme based on a predictive
quality function [47], and the one based on predictive control
[ 48] , which focuses directly on the im provement of quality indexes

rather than on the modulation problem.

A general solution of the control problem of matrix converters

is presented in [ 49] . This solution is based on the representation
of the switch states by means of space vectors, originally
referred to as Duty - Cycle Space Vectors (DCSVs). This method
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results from a rigorous approach and can be extended to more

complex cases, as shown in [ 50] , which analy ses the control of a
four -leg matrix converter. In addition, it has the advantage to

emphasize all the parameters that affect the performance of the

modulation strategy and can be freely chosen. These degrees of

freedom have been used to reduc e the number of commutations in

each switching period or the power losses [51] [52] [53] [54] [55]
[56], to improve the voltage quality [57], or to extend the
operating region [58] [59] [60] [61] [62] [63]. The reduction of

the power losses and the improvement of the control range are both
topics addressed by the present paper, which extends the results
presented in [64] .

A recent paper has analysed in details the modulation range of

matrix converters by using an innovative approach based on the
singular value decomposition (SVD) of the matrix of the switch

duty - cycles [65]. It is shown that there exist two reference
frames in which the analysis of the modulation range may be
reasonably simplified provided that two different voltage transfer

ratios, rq and rq, are introduced for the output voltage. Another
interesting contribution is the one reported in [66], which
focuses on extending the reactive power control range of all

matrix converter topologies by adopting an indirect modulation
referred to as hybrid modulation.

Nevertheless, as far as the authors are informed, no paper has

already analyzed the possibility to extend the control range and

minimize the converter losses at the same time. Some expe rimental
results confirm the validity of the theoretical analysis.

6.3 A REVIEW OF THE MODULATION STRATEGY FOR

MATRIX CONVERTERS

The input -output relationships of a matrix converter can be
written in the following form [49]:

3

+

<
1
<

i*md (6' 1)

Nlw N W
<I

=
Nlw N w
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1
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~
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1

where v, and v, are the input and output voltage ve ctors, i and i

are the input and output current vectors, the complex variables
a , a are functions of the state of the switches, and "*" is the

complex conjugate operator.
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If the desired phase angle of the input current space vector is
denoted by the unity vector V., and v, 1S the d esired output

voltage vector, it is possible to demonstrate that m,and m have
the following expressions:

\_/Ol'e _re /
= Yot Ve, T (6-3)
3V w) Vi,
— v;refﬁef /
= —— -~ —= 6- 4
m 3(\7| Wref) \7| Io ( )
where _ is a real number , and "-" is the dot - product operator,

defined as the real part of the product between the first operand
and the complex conjugate of the second.

Once & , & are known, it possible to calculate the following
variables, usua lly known in literature as "Duty - Cycle Space
Vectors™

2p 2p

_ _ —(k-) _ —(k1n _

m =me 3 e® +m (k=1,2,3 ) (6-5)
where m, is a complex variable , usually referred to as "zero
sequence component"”, that can be freely chosen.

The importance of m, m, and m, is in that they allow an immediate
calculation of the switch duty - cycles. In fact, the duty -cycle  m,
of the switch Shk of the  converter in Fig. 1 can be determined as
follows:
1 _ . j@(k-l)

Me=3 M@ (hk=1,23). (6-6)
The quantities _ and & yield three degrees of freedom that can be
used to define any modulation strategy. The general solution given
in (3) -(6) includes all the known modulation strategies as
particular cases.
Substituting (5) in (6) leads to a very compact expression of the
duty - cycles,

M = Mok + Ak (6-7)

where the quantities myk and Ak are scalar quantities defined as
follows:
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1 i)
M =3 M@ (c1,23) (6-8)
a_  -i%ny %000, i%xy
A =gne ° +me 3 0@ ° (h, k=1,2,3) (6-9)
(;‘, -
The qu antities m xk can be considered as the components of the
space vector G and it can be easily verified that their sum is
equal to 1:
3
am,=1 (6-10)
k=1
The constraint (10) means that that the su m of the duty - cycles of
the hth output phase, i.e., M1, M2, Mz, has to be one,
according to the well - known requirement to avoid short circuits at

the input side of the converter and switch over voltages due to
sudden output current interruption.

The quantities Anx depend only on the reference output voltage, on
the desired angle of the input current vector and on the parameter

| , but do not depend on a .

In order to obtain a feasible modulation law, it is necessary that
all the duty - cycles are bounded between 0 and 1. Taking (7) into
account, one obtains the following constraints:

O¢my, +A €1 (hK=1,23) (6-11)

An equivalent formulation of (11) is as follows:

) hlﬂlglg{A]k} ¢ My« ¢1- maé)g{A]k} (k=1,2,3) (6-12)
The inequalities (12) are very useful to define the opera ting

range of  matrix converters and will be used in the optimization of
the switching losses.
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6.4 EXTENSION OF THE OPERATING RANGE

The parameter  _ in(3) - (4) can be utilized to improve the converter
performance only if the phase angle of [ is known in each cycle
period, otherwise it should be set equal to zero. Although in

power converters the output currents are usually measured, the

trad itional modulation strategies for matrix converter do not use

this information and assume _ T, thus obtaining the following
expressions for a and & :
m :\7‘*—@[1- jtang ;)] (6-13)
¢ 3V '
— \_/c:,ref -
m =—2=[1- jtan( )] (6-14)
3V,

where < is the phase lag of the input current.

The vast majority of the modulation strategies are referable to

(13) and (14), but make different choices for a  or differ from

each other simply in the switching sequence. It is possible to

demonstrate that adopting (13) and (14) leads to the well - known
upper bound of the voltage transfer ratio r (defined as the ratio

between the magnitudes of the desired output voltage vector and
input vol  tage vector)

J3

r ¢7cosj i (6-15)

However, recently some papers have shown that the use of the

parameter _ can be used to extend the control range.
Provided that the phase lag o of the load curre nt vector is known
(it can be calculated by measuring the load currents), a possible
choice for _ is the following one:
1 . .
/ =- :—%tary i SINJ (Vg et (6-16)
so that the expressions of a and & become
— \70 ref H - -/
m, = o - jtang,)cosf ,)e V<] (6-17)
= v;ref . - iJ
m = 3'_* [1- j tanf i)cosfo)e”"] (6-18)
Vi
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As a result, it is shown in [64] that an upper bound of the
voltage transfer ratio less strict than (15) can be found

remin{ti( 1/ o) £20 1/ M= Pl 14/ ) (6-19)
where f; and f, are dimensionless functions of ji and |, defined as
follows:

.43 coy |
G0 ) = (6- 20)
2 J1- sin?j, sin?j
.. 1
0/ 0) = : — — (6-21)
\/1+(tarv i COY 0) +|tary i SinZy o|
The behavio ur of the functions f1 and f, and of the resulting

voltage transfe r ratio is shown in Fig s.2 and3 for |, equalto 30
and 60 degrees. As can be seen, when j o is small, f1 leads to an

upper bound that is very similar to the traditional one, expressed

by (15). However, under the assumption that the input power factor

is n ot unity, as long as the load phase angle increases, the
improvement in the voltage transfer ratio becomes sensible.

Finally, no improvement is possible when the input current is kept

in phase with the input voltage, i.e., j i =0. In this case the limit
valu e of 0.866 for the voltag e transfer ratio is insuperable in
linear operation.

6.5 OPTIMIZATION OF THE SWITCHING LOSSES

If the constraint (12) is satisfied, the matrix converter can
operate in the linear modulation range and the modulation problem
has feasib le solutions, i.e., there is at least one value of the

Zzero sequence component m, for which all duty -cycles are in the
interval [0,1]. However, the choice of m, IS not trivial, and is
not unique. In this paper the ch oice of m, Iis based on the

optimization of the switching losses.
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6.5.1  SWITCHING LOSSES

The switching losses of the matrix converter depend on the

switching pattern, i.e., the turn

-on and turn

- off order of the

switches in each phase. Let us suppose that, in a switching

period, the
input phases with voltages

the indexes ( ki, ko,

hth output phase is respectively connected to

and v

Vi 1 Vi, i ks

the
(in this order), and

k3) are a permutation of (1,2,3). If the

switching pattern is symmetric, the sequence is repeated inversely
in the second half of the period. The corresponding switching

losses can be written as follows

[53]:
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0 5 CQ t t T @& w Ly ULy Op Uf (6-22)

where f, Iis the switching frequency, ton and tor are coefficients
(with the dimension of time) related to the energy loss process in
the IGBTs during turn -on and turn  -of f, tec is a coefficient (with
the dimension of time) related to the energy loss process in the
diodes due to the reverse recovery currents during turn - off, I oh
is the output current of the hth phase.
The switching pattern that minimizes the switching los ses is

intuitively the one that connects the output phase to the input

phases in descending order of voltage amplitude, i.e., during each

switching period, the output phase is firstly connected to the

input phase with the greatest voltage, than to the one with the
intermediate voltage, and finally to the one with the lowest

voltage (similarly, the ascending order can be used instead of the

descending one).

VI VI 0 (6-23)

Under (23), (22) becomes

PSV\/,h = 2fSW(t on +toff +trec)|io,h ”Vi,k1 - Vi,K3 | (6- 24)

Suitable values of m k may be chosen to reduce the switchi ng
losses by cancelling up to two commutations of the switching
pattern. However, by analysing (24), one comes to the following
conclusions:

a) cancelling the duty -cycle m, reduces the voltage gap in (24)
from | Vi ki-Vik 3] tO | Vi ke-Viksl and consequently reduces the
switching losses. Similarly, cancelling the duty -cycle m, reduces
the voltage gap from | Vi k1-Vik 3| to| Vi k1-Vik 2|;

b) cancelling only the duty - cycle m,, does not affect the
switch ing losses, because the total voltage gap | Vi k1- Vik 3| does
not change;

c) if a duty - cycle among m,, m, and m, Iis setto 1, the
remaining duty - cycles are necessarily zero. Then the switching
loss es of the hth phase becomes zero.

In conclusion, it is possible to rewrite (24) in the following
form:

PSW,h = 21:sw(l‘on +toff +[rec)|io,h |(|Vi,k1 - Vi,kz |e(rnh,k1)+ |Vi,k2 - Vi,k3 |e(rnnk3)) (6' 25)
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TABLE | - | NSPECTEDCONFIGURATION

Cancelled Avoided  switching
Case Zero - Sequence ;
commutations losses
my, =—A, , m, , =0
1 Ky T 5Ky T K P — Whr + Wh"
— _A rn — O saved m m
mg . B ks ks
m,, =1—4, m, , =1
0.k Iy Iy K
2 1 M 5K gVl P ’ — W/,,'” + W/,”:I
My, =—=Ay My, &, = 0 '
my, =—A, , m, , =0
3 | v Ky V| P — W/,," + W/,,',
=1-4 m =1 saved M M
mg i ks Ry ks
where
_é0if m,, =0orm,, =1
e(m,,) = (6-26)

| ,
jlotherwise

In general terms, if the switching order is the same for all
the output phases, the switching losses of the whole converter in
a switching period can be written as follows:

3 2
Povss = 8 Pous =8 (Wi, ) + W, )| (6-27)
=1 =1
Where
WH = 2fsw(ton +[off -'-l‘recXio,h(vi,k1 - vi,kzx ( 6- 28)
Wh“: 2fsw(ton +toff -'_trecxio,h(vi,k2 - Vi,kal ( 6' 29)

Equation (27) shows that the switching losses of the converter

can be written as a | inear combination of the loss coefficients Wj
and Ww;j. The 6 variables e(m,.) and em,) (h=1,2,3) are normally set
to 1. However, a suitable choice of m, may drive two duty - cycles

of the matrix converter to zero, and consequently two coefficients
among em, ) and em, ) may potentially be cancelled.

A brute -force algorithm for the minimization of the switching

losses should check 15 ¢ ases (combinations of 6 elements , 2ata
time). However, an algorithm that reduces to three the number of

cases that should be inspected has been developed. The cases that
have to be checked are those shown in Tab. I. Among them, the

control algorithm shou Id choose the one leading to the minimum
switching losses. Before applying the algorithm, it is necessary

to find the indexes hi, hi,, hi, hj that identify the minimum and the

maxi mum values among A, and A, (h=1,2,3), as shown hereafter:
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Ay e = ma;g Ak ( 6- 30)

Ani = TN A, (6-31)
Ay s = MAXA, (6-32)
Ay = hr:q’izr’g A, (6-33)
The second column of Tab. | shows the value of the zero - seguence
components m, and m, foreach case. The remaining component m,,, can
be found from (10) as
Moy, =1- My, - My, (6-34)
The third column of Tab. | shows which duty - cycles are set to O or
to 1 for each cas e. Finally the last column shows the amount of
switching losses that can be avoided.
Once the zero - sequence signals m, k (k=1,2,3) have been calculated
from Tab. | and (34), it is possible to reconstruct the vector m,
as follows:
22 12 (k-1)
m=—a m,e ? (6-35)
3k
and to calculate the duty - cycles of the converter by means of ( 5) -
(6) . However, there is no certainty that they result in the range
[0,1]. A necessary condition for this to happen is that (12) is
verified. Then the output voltage is synthesizable and at least
one of the three cases of Tab. | leads to admissible duty - cycles.

In essence, the three cases of Tab. | are as follows:

a) two duty - cycles of switches in different output legs can be
cancelled (case 1);

b) two duty - cycles of the switches in the same output leg can be
cancelled. Consequently the duty - cycle of the remaining switch of
the same output leg is equal to 1 (case 2 and 3).

6.6 SIMULATION RESULT

Some simulations have been carried out to verify the
feasibility of the proposed modulation strategy. With reference to
the basic scheme of Figure  6- 4, where the variables are expressed

as space vectors, the parameters used for the computer simulations
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are shown in Table II. The switching frequency is 8 kHz,
corresponding to a period of the switching pattern of 125 [s.

Figure 6-5 shows the behaviour  of the matrix converter when
the output delay angle is 60 degrees, the input delay angle is °30
degrees and the voltage transfer ratio is 0.79 (which cannot be
achieved by the conventional modulation strategies). The bottom

traces in both figures show the waveforms of the duty - cycles m1,1,
m1,2 and m1,3. As can be seen, the output and input curre nts are
sinusoidal, although the duty - cycles are discontinuous in an
unpredictable way. Each time one of the nine duty - cycles is zero,

it means that the corresponding switch does not commutate. If it

is one, the corresponding switch stays turned on during the entire

switching period.

The comparison of the modulation strategies in terms of
switching losses has been carried out by using PLECS. The
evaluation of the power losses has been done under the assumption
that the power module FM35R12KE3, produced by | nfineon - Eupec, is
used. Figure 6-6 shows the turn -on and turn - off energy loss of an
IGBT and the recovery energy loss of a diode when the voltage
applied to the switches is 600 V and the junction temperature is
125°C, whereas Figure  6-7 shows the output characteristic of an
IGBT and a diode.

Figure 6-8 shows the power losses of all the modulation
strategies, divided into switching and total losses when the
voltage transfer ratio i s the maximum according to (15). It turns
out that the proposed modulation strategy shows losses which are
considerable lower than the SVM with three zero vectors (SVM3z),
the SVM with two zero vectors (SVM2z), and the SVM with one zero
vector (SVM1z). SVM 2z uses the zero vectors that are not in the
middle of the double - sided switching pattern, whereas SVM1z uses
the zero vectors at the beginning and at the end of the double -
sided switching pattern.

In the examined operating conditions the reduction in the
switching losses varies from 10% to 32% in comparison to those of
SVM1z.

Vi Digital

controller
| - [—
Rs NI | MM

Matrix
converter

Input filter

Figure 6-4 1T Schematic diagram of the system based on matrix
converter
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TABLE Il - SIMULATION

Supply

Vi =220V LL,rms
ws =2 p50rad/s,
Rs =0.2 W,
Ls=0.80 mH

PARAMETERS
Filter
Ly =1.1mH
G =25 nF(Y)

Load
R=65 W
L, =0.030 mH

W, =2 p 60rad/s

20
o ™~ pE Pl
T~
-20 ( Load current
20 I
|
0 N
-20 { Inputphasevoltage
10 [
0 —~ eI
-10 ( Inputline current
1 T i [ T i
Py NPl VN aYaVava Y Ve VEiava N N
0.5y SN a1 AN ed v i [ A N
0 —F lﬂ' N | Wﬂﬂ\l" r’ﬂ&j:‘ ~7 ’Lﬁ[’guty cycles (phase 1
20
o TN N ™~ TN -
S~—— ~ S~—t" S~—— N
-20 (_ Load current
200
0
-200 { Inputphasevoltage
10
o T TN AT et N e
-10 { Inputline current
1
0.5 N W"I\M\fﬁ\ S NN N SN !
0 Wi o KON R WA A XA AR LA By oycles (ohise
Figure 6-5 - Behavior of the matrix converter for (0=60 deg. when

d =0.79. Time scale: 10 ms/div. a)
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IGBLF Turn off
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Switching energy loss (mJ)
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/ ¥ ——Diode recover
losses
0 20 40 60 80
Forwardcurrent (A)
Figure 6-6 - Switching losses of an IGBT and a diode of the model

used for the computer simulations, when the final voltage after

turn - on and the initial voltage before turn - off is 600 V, and the

junction temperature is 125°C

- 60
=
o 45 :
5 Diode __
© 30
S
2 15
S
LL 0 I T
0 0,5 1 1.5

Forward voltag€V)

Figure 6-7 - Output characteristic of an IGBT and a diode of the

model used for the computer simulations, when the junction

temperature is 125°C
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6.7 EXPERIMENTAL RESULT

A prototype of three - phase to three - phase MC has been used to
verify the feasibility o f the proposed modulation strategy. The
basic scheme of the experim ental setup is the same of Figure 6-4.
The MC is built by using the FM35E12KR3 IGBT module produced by
Infineon - Eupec. The control algorithm is implemented on a fi xed-
point digital signal processor by Texas Instruments (model
TMSF2812) . The switching frequency of the modulation strategy is 8
kHz and the well - known four - step commutation is used.
2, =
n 80 0 o New
0 ?
» 60 @ 8- SVM3z
0 (o]
Q 3 — SVM2z
—1 40 5]
o) S —- SVM1z
£ 20 .
S 04 | 60 -45 -30 -15 0 15 30 45 60
§ Delay Anglej ; [ded
@ 60 -45-30 -15 0 15 30 45 60 b
Delay Anglej i [ded )
a)
Figure 6-8 - Simulation results. Power losses for different
modulation strategies as a function of the input delay angle ai.
The load power factor is assumed equal to 0.5 and the voltage
transfer ratio is calculated acc ording to (15). (a) Switching

losses. (b) To tal losses
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5 Lo S D )

Figure 6-9 a) - Behaviou r of the matrix converter for di= - 30 deg,
(o=60 deg. when } is 0.78. (1) Input line - to - neutral voltage (200
V/div). (2) Filtered input current (10 A/div). (3) Load current

(10A/div). (4) Output line - to - line voltage (400 V/div).

Figure 6-10 b) - Behaviour of the matrix converter for di= - 30 deg,
(do=60 deg when | is 0.78. (1) - (3) Duty -cycles ml1,1, m1,2, m1,3.

(4) Load current (10A/div).

Figure 6-11 c) - Behaviour of the matrix converter for di= - 60 deg,
(o=60 deg. when } 15 0.54. (1) Input line - to - neutral voltage (200
V/div). (2) Filtered input current (10 A/div). (3) Load current

(10A/div). (4) Output line - to - line voltage (400 V/div).

Figure 6-12 - Behaviour of the matrix converter for di= - 60 deg,
(do=60 deg when | is 0.54. (1) -(3) Duty -cycles ml1,1, m1,2, ml1,3.

(4) Load current (10A/div).
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Figure 6-9 and Figure 6-10 show the Dbehaviour of the matrix
converter when the input displacement angle is - 30° (the converter
absorbs capacitive reactive power and acts as a power factor
corrector) and the load delay angle is 60°, corresponding to a
fundamental input power factor of 0.86 (capacitive) and a
fundamen tal output power factor of 0.5. The voltage transfer ratio
in Figs. 9 and 10 has been increased up to 0.78, which is greater
than the limit given by (15), i.e., 0.74.

Figure 6-11 and Figure 6-12 show the behaviour of the
converter in the same operating conditions, except for the input
displacement angle, which is equal to - 60°. The voltage transfer
ratio of Figs. 11 and 12 is equal to 0.54, which is 25% greater
than the traditional limit, 0.43.

In all figu res, the behavior of the converter is satisfactory.
The input and output quantities are almost sinusoidal and the
duty - cycles are clamped in the interval [0,1]. As can be seen, the
duty - cycles are frequently equal to O or to 1, which confirms the
cancellat ion of some commutations.

6.8 CONCLUSION

In this chapter a modulation strategy that simultaneously improves
the control range of matrix converter and reduces the switching
losses is proposed.

The theoretical analysis shows that the zero - sequence component a
can be used to minimize the power losses, whereas the remaining

degree of freedom _ can be used to extend the control range of the

converter.

Compared to the traditional SVM, the proposed modulation strategy

is able to obtain higher voltage transfe r ratios under the
assumption that the desired power factor at the input and at the

output of the converter is not unity.

As a result, the switching losses can be sensibly reduced compared
to traditional modulation strategies. The simulation results,
perfo rmed under the assumption that the load power factor is 0.5,
show reductions in the switching losses up to 32% compared to
SVM1z
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Chapter 7
MODULATION STRATEGY WITH MNIMUM
SWITCHING LOSSES FOR THREE PHASE

AG DC MATRIX CONVERTERS

7.1 ABSTRACT

Passive three - phase rectifier circuits are very popular for ac -dc
power conversion. However, they do not have the capability to
reverse the power flow, which is demanded by some recent potential

smart - grid applications, such as vehicle -to -grid (V2G) power
transfer.
As an alt ernative, this paper analyses the behaviour of three -

phase ac -dc matrix converters. Among the modulation strategies
that minimize the switching losses, the one leading to the minimum

output current ripple is chosen. The behaviour  of this modulation
strateg Y is experimentally tested.
7.2 | NTRODUCTION

Interconnection of power electronics to the grid has been
performed for a long time by using passive three - phase rectifier
circuits in combination with inductors located either on the ac or
on the dc - side. These rec tifier circuits are simple, show a high
efficiency and are very robust, but result in a total harmonic

distortion of the input currents (THDi) of typically 30 1 50% and
show a considerably small power factor. In addition, they cannot

allow a bidirectional po wer flow, and therefore they are not
suitable for emerging applications, such as vehicle -to - grid (V2G)
power exchange or smart grid applications [67] [68].

Due to upcoming standards containing rigorous input current
harmonic limits, in many cases passive rectifiers cannot be used
any more. Three - phase pulse width - modulated (PWM) voltage - and
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current -source rectifiers (VSRs and CS Rs) have consequently
emerged [69]. Active three - phase PWM rectifiers offer unity power

factor, a THDi below 5% and a high power density. These converters

are typically used as active front - end to the grid, and their dc -
link voltage is necessarily greater than the phase - to - phase input
voltage, so they do not seem particularly suitable to feed low

voltage loads, such as batteries, because they require an

additional intermediate step - down power stage.

A converter topology that has not been deeply investigated as
bi - directional active front end is the thre e- phase ac -dc matrix
converter [ 70] . Its ability of supplying compensating leading or
lagging input currents in a wide operating range make S it a strong
candidate for potential applications in plug -in automotive,
aircraft, ship and other three - phase powered standby dc supplies.

The international research has recently focused also on many
converter topologies based on bidirectional power switc hes. An
indirect ac Tac conve rter topology was proposed in [71], [72],
where a current - source rectifier is directly connected in cascade

to a two -level volta ge source inverter, without using any
intermediate energy storage element. This technology has obtained

much attention in the ac i ac power conver  sion field in recent years
[73], [74] and [75]. Other topologies can be derived from the
indirect matrix converter topologies [76] [77], such as the

sparse, the very sparse and ultrasparse matrix converter. These

topologies have a reduced number of input switches but the same
functionality of the standard indirect matrix converter. The

ultrasparse matrix converter is the simplest one and consists of
only nine electronics switches and 18 diodes [ 78] .

So1

Figure 7-1 - Basic scheme of a three - phase ac - dc matrix converter.
(a) Conve rter structure. (b) Simplified matrix representation.

The technology of matrix converter has been applied to ac -dc
conversion with interesting results in [79] [80] [81] [82].
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In this paper, the three - phase ac - dc direct matrix converter
topology is analysed and the modulation strategies leading to the
minimum co nverter losses are found. Finally, among them, the one
producing the minimum output current ripple is identified as the
best choice. This work can be considered as the prosecution of
similar analyses carried out for direct, indirec t and sparse
matrix conve  rters  [76], [83] [84] [85] [86] [87] [88].

The feasibility and the performance of the proposed modulation
strategy are confirmed by numerical simulati on and experimental
results.

7.3 MODULATION STRATEGY FORAC/DC MATRIX

CONVERTERS

The performance of matrix converters is strictly related to
the adopted modulation strategy. Several modulation strategies,
based on different mathematical approaches, have been presented in
the past for tradi tional direct three - phase MCs [ 89] . Each of them
shows different features in terms of number of switch commutations
in a switching period or degree of utilization of the input
voltage. Probably, the most used modulation strategy for MCs is
the Space Vector Modulation (SVM), since it is particular suitable
for digital implementation, provides adequate exploitation of the
input voltage and g ood load current quality [45]. A general
solution of the control problem of three - phase direct ac/ac mat rix
converters is presented in [49] . This solution is based on the
representation of the s witch states by means of space vectors,
originally referred to as Duty - Cycle Space Vectors (DCSVs). This
method results from a rigorous approach and it has the advantage
to emphasize all the parameters that affect the performance of the
modulation strategy and can be freely chosen. In addition it can
be extended to mo re complex cases, as shown in [90], which
analyses the control of a four -leg matrix converter. In the
following, the same method will be adap ted for the analysis of
ac/dc matrix converters.

7.3.1 | NPUT QUTPUT EQUATIONS OF THE AC/DC MATRIX
CONVERTERS

With reference to Fig. 1, the expression of the output voltage vo
is as follows:
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O U 0 A ap Lf (7-1)
where vik (k=1,2,3) are the input voltages and hkm , (h=1,2 and

k=1,2,3) are the duty - cycles of the switchesSh k.

Since the converter does not include elements that can store
energy, if the converter power losses are neglected, the input
power is equal to the output power, i.e.,

QLR 0Q afp af LEQ (7-2)

where io is the output current.

Equation (2) is verified for any value of v ik , SO it is possible
to conclude that the input currents are
B ar a5 Q (7-3)

The duty -cyclesm 3x and m,x have to satisfy the usual constraints

¢r p Q plg (7-4)
which prevent short - circuits and over - voltages
7.3.2 | NPUF QUTPUT EQUATIONS IN TERMS OF SPACE
VECTORS

The input equation voltages and current can be written in terms of
space vectors 0 and whose components are

Up U (7-5)

Q (7-6)
where #A.0 | s the dot product, defined as t
product between the first operand and the complex conjug ate of the

second operand, and

| 0 (7-7)

The state of the converter legs can be represented by two complex
numbers m1, m2 defined as follows:

& 2 &gl
o h (7-8)
Replacing (5) and (6) in (1) and (3), and considering (8), the
input - output equations of a three - phase ac - dc matrix converter can
be written in terms of m 1 and nR as follows:
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(6)
b v a (7-9)
Qa a (7- 10)

Two new variables md and mO can be introduced to simplify the
mathematical formulation of (9) and (10):

a & a4 (7-11)
¢ L9 (7-12)

C
As a result, the input and output relationships of the converter
become

o, .
0 El‘)l,'té( (7-13)
(S (7-14)
If the desired phase angle of the input current space vector is
denoted by the unity vector I and 0y is desired output

voltage, by solving (13) and (14), it is possible to prove that md
has the following expression

QLR T

o U[t[
Whereas & , usually referred to as "zero - sequence component”, can
be freely chosen to improve the performance of the modulation
strategy.
Once & has been calculated from (15), it is possible to find m1
and m2 by inverting (11) - (12):

(7-15)

The quantity mO is equivalent to two degrees of freedom that
can be used to define any modulation strategy. The importance of
mland m2isin that they allow calculating the switch duty -
cyc les. In fact, the duty -cycles myk , can be found by solving the
set of equations (4) and (8), which give the following result:

an © G Bl 0 pRhTQ pitl (7-17)
The gen eral solution given in (15) - (17) includes all modulation
strategies as particular cases.

7.3.3 CONTROLRANGE OF THE OUTPUT VOLTAGE

The duty - cycles are bounded between 0 and 1, i.e.,
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T 4R pQ pt Q phv (7-18)

By considering (16) and (17), (18) can be rewritten as follows

Tt pc a f ar p (7-19)
Where
. P, . - - ]
Equations (20) reveal that the quantities m ok (k=1,2,3) can be
regarded as the components of the vector a , ie,, G can be
expressed as
. C..
4 =Ba fl (7-21)
o

Andthesumofm ok (k=1,2,3)is 1.

Inequalities (19) can be rewritten in such a way as to emphasize

the upper and lower bounds of m 0k
h-1 h-1
-clT)mdc'likctnhkM-%mdc’lfk Q ph (7-22)
The dependence on the index h i n (22) can be removed by writi
the inequalities as follows:
e (-9 _ @ & (- . a
max - ~—~—m, @, g¢m, ¢ minjl- *—=—m, @&, (7-23)
h=1,2i 2 y h:1,2|, 2 y

In the worst case, (23) shows that the upper and lower bounds for
My are

%m a5, ¢ m, ¢1- %m @] Q phiv (7-24)
Since the upper bound of m ok Mmust be greater or equal to the lower
bound, from (24) one finds the following constraint for a
m, &,|¢1 Q piv (7-25)

Substituting (15) in (25) leads to the following result:

2 v y ref ﬁk
5 Voref = &
3 i ref

¢t1 Q plio (7-26)

From (26) it is possible to verify that, in the worst case, i.e.,
when [ is aligned with one of the vectors | (k=1,2,3), the
maximum voltage transfer ratio is as follows:

¢ —cog | (7-27)
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where | is the displacement angle between the input voltage vector
and the input current vecto r.

If the constraint (27) is satisfied, the ac - dc matrix converter

can operate in the linear modulation range and the modulation

problem has feasible solutions. This means that there is at least

one value of the zero sequence component G that makes all duty -
cycles remain in the interval [0,1]. The optimal choice of a is
not trivial and is discussed in the next section.

7.4 | MPROVEMENT IN THESWITCHING LOSSES AND

QUTPUT CURRENTRIPPLE

7.4.1 CENERAL EXPRESSION OF THE SWITCHING LOSSES

The values of the d uty - cycles (17) of the switches are not
sufficient to univocally identify a modulation strategy, because
it is still possible to choose different switching sequences,
i.e., different turn -onand turn - off ordering of the switches.

In this paper it is assume d that the same switching pattern is
used for both output phases and that during a switching period
each output phase is connected to the input phases in a specific
order, depending on the amplitude of the input voltages. Each
output phase is firstly conne cted to the input phase with the
greatest voltage, than to the one with the intermediate voltage,
and finally to the one with the lowest voltage (if the switching
pattern is symmetric, the sequence is repeated in reverse order in
the second half of the per iod). It is known that this switching
pattern is the one that minimizes the switching losses of the
converter, although it may be slightly detrimental for the input
and output current quality. Let us suppose that the indices of the

input voltages in descen ding order is given by the triplet ( ki, ko,
Ks),
VI VI 0 (7-28)
then, if the four - step commutation is used, the switching losses
of the converter in a switching period can be expresse d as
follows:
2
PSW,tot = 2fsw(ton +toff +trec)|lo|a lek1 - \/Ikz‘dﬂ +‘Vi,k2 - V|k3‘dl4|) (7' 29)
h=1
where f, is the switching frequency, ton and ‘o are coefficients
(with the dimension of time) related to the energy loss process in
the IGBTs during turn -on and turn - off, tec is a coefficient (with
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the dimension of time) related to the energy loss process in the

diodes due to the reverse recovery currents during turn - off. The
coefficient di is equal to 1 if the hth output voltage commutates
betwee n the maximum and the intermediate input voltage in the

switching period, or 0 if this transition does not exist.

Similarly, the coefficient di is 1 if the hth output voltage
commutates between the intermediate and the minimum input vol tage
in the switching period. If the modulation strategy does not

reduce the switching losses, the four coefficients d, and dj
(h=1,2) are normally equal to 1, but a suitable choice of m, may

canc el two of them. However the previous analysis shows that, to

reduce the switching losses, it is necessary to focus on the

switches connected to input phases k, and k3, whereas those
connected to input phase ko, are not significant.

7.4.2 OPTIMAL ZERO SEQUENCECOVMPONENT FOR THE
REDUCTION OF THE SWITCHING LOSSES

It is possible to verify that there are only three values of m,
that leads to an effective reduction in the switching losses. The
components m,, , m, and m, values can be deduced from Table I.
Let us focus on Case 1 of Table I. According to (24), the
expression
1 .
my,, =1- E|md @, ( 7- 30)
is the upper bound of m,, - He nce, if (30) is verified, one of the
two duty - cycles, m, or m,,increasesuptol,ie.,
Mg, =1 (7-31)
where tE is the index of the outp ut phase.
Necessarily, (31) forces the other duty -cycles of the same
output leg to be zero. Consequently,
Mg, =0. (7-32)
Equation (33) means that m,, is equal to its lower boun d, which is
1, .
my, :E|md @&, |- (7-33)
The component m,, can be calculated once the values of m,, and
my, are known.
My, =1- My, - My, . (7-34)
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Equations (30), (33) and (34) are listed in the first row of
Table I, corresponding to Case 1. The table entries of Cases 2 can

be found with a similar reasoning.

The components  m, and m, in Case 3 can be determined under the
assumption that they both are set to their lower bounds, so that

the duty - cycles of two switches are zero, i.e.,

'ﬂa1=”¥k3=0 (7-35)
where tE and h identify the output phases.

Cases My, My, My, dj,, dj
Case 1 My, =1- %m @&, my =%|r71d @&, My, =1- My - My, d=dg=0
Case 2 My, = %|m, &, my, =1- %m @, My, =1- My - My, d=dg=0
Case 3 My, :%m @,  my :%m @&, | My, =1- My - My, dg=dj =0

Table 7-1 1 Value of the zero

Finally, the case when the components
their upper bounds,

”b,kl =1- %|md @kl

1 .

My, =1- E|md @&,

does not produce feasible values of the duty
considered.

It is worth noting that the expression of
| for Case 1is

1_ 4
My 2 :Emd Céakl - aka)
while for Case 2 it is

My, k2 =%m C.égkl - ak3)

- sequence components

m, and m, are equal to

Mo,

(7-36)

(7-37)
- cycles and is not

deduced from Table

(7-38)

(7- 39)

Since (38) and (39) are opposite to each other, one of them is
certainly negative and does not comply with the lower bounds given
by (24), which are positive. These means that, among the three
cases of Table I, only two of them can provide feasible solutions

to the modulation problem.
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7.4.3 OPTIMAL EXPRESSION OF THE SWITCHING LOSSES

If in every switching period the zero - sequence component is
chosen according to Cases 1, 2 or 3 of Table I, the expression of
the total power losses (29) can be simplified because some
coefficients among dj, dj, d and dj are zero, as shown in the last
column of Table I, whereas the remaining coefficients are equal to
1. It turns out that the simplified expression of (29) is
independent of the specific Case 1, 2 or 3, and is as follows:

PSW.tot = 2fSW(t on +toff -'-trec)liomvi.k1 - Vi,k2|+|vi,k2 - Vi,k3|): 21:sw(t on +toff +trec)io(vi,kl - Vi,k3l ( 7' 40)

which means that all Cases theoretically produce the same minimum
amount of switching losses. In a fundamental period of the input
voltage, the average switching losses of the converter are

P

sw,avr

:6_\;§(ton+toff +trec)fsw|\7i||io| (7_ 41)

Consequently it is not possible to identify an optimal
modulation strategy among Cases 1, 2 and 3 without introducing a
further quality index. The simplest idea is to choose, among the
st rategies leading to the minimum switching losses, the one
producing the minimum output current ripple.

As shown in the next Section, the numerical simulations suggest
that this strategy is the one corresponding to Case 3, which
therefore should be preferre d to the others.

7.4.4 NUMERICAL SIMULATIONS

Some computer simulations have been performed to assess the
behaviour of the modulation strategies corresponding to Cases 1, 2
and 3 of Table I. Fig. 2 shows a schematic of the system in terms
of space vectors, and t he system parameters are listed in Table
Il. The switching frequency is 8 kHz.

Fig. 3 shows the behaviour of the converter when the voltage
transfer ratio is maximum, i.e., 1.5, and the input power factor
is equal to 1. The input currents are sinusoidal an d the output

current is constant. Case 3 is the optimal choice for the
reduction of the switching losses and for the reduction of the
output current ripple for the following reasons:

1. the solutions corresponding to Cases 1 and 2 are not always
feasible;

2. Case 3 leads to a switching ripple of the load current that
is always lower than that resulting from Cases 1 and 2.

Fig. 3 shows the trend of the rms value of the ripple of the
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load current for all Cases. The rms value of the current ripple is
calculated a s follows:

TSW

DIRMS:\/.I.i ﬁjo(t)zdt (7-42)

SW 0

where Dio(t) is the load current ripple, i.e., the difference
between the actual load current and its mean value over a

switching period Tsw The current ripple Di o(t) is numerically
estimated by solving the following approximated differential
equation in each s witching period,

I—I %Do @/o(t) - Vo,ref ( 7- 43)

under the assumption that the current ripple is zero at the

beginning and at the end of the switching period, due to the

symmetry of the switching pattern, and Vo(t)  changes according to
the switching pattern resulting from Cases 1, 2 or 3.

Digital
controller
T ] = = |15
| Rs Ls | L i MMy R L
| Vv — | !
| | ACDC || i
I \/ | —_— \/ Matrix | | ,
I VS | Ct [ Rectifier | | |
| | | I
| I | |
| Non ideal voltage supply | Input filter | l

Figure 7-2 - Basic scheme of AC/DC conversion system

Table 7-2 - Simulation Paramters

Supply Filter Load
, , . i 0wQ . - ,
® ccax hi c“UHi— U pPpa O Y v
Y TR0 @' 0O ¢qU 0w U T8ip
As can be seen from Fig. 3, the rms value of the ¢ urrent ripple
corresponding to Case 3 is always the lowest one. The rms value of
the current ripple for Cases 1 and Case 2 is alternatively equal
to zero, because the corresponding duty - cycles are not admissible.
Fig. 4 shows the behaviour of the converter when the voltage

transfer ratio is 0.5. As can be seen, the conclusion remains that
Case 3 is the best choice.

Furthermore, Figs. 3 and 4 show the waveform of the duty - cycles
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mi1, Mo and mg. In all cases, the duty - cycles are repeatedly
clamped to zero, thus demonstrating that some commutations are
avoided. To assess the improvement in the converter efficiency,

the PLECS toolbox has been used to model the converter switches,

based on the IGBT module FM35E12KR3 produced by Infineon - Eupec.

Fig. 5 compares t he power losses of the proposed modulation
strategy to those produced by space vector modulation using three
equally -spaced zero vectors (SVM3z). As expected, the proposed
modulation strategy leads to a consistent reduction (greater than
30%) in the switch ing losses. Surprisingly, Fig. 6 shows that the
THD of the line currents produced by the new modulation strategy
is better than that of SVM3z in the whole range of the voltage
transfer ratio, whereas the THD of the load current is slightly
better for high values of the voltage transfer ratio.
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——
—

=
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[Al o
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'
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:I Mg, Mz, Mig |
02 /1\ VO
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e/

Figure 7-3 - Simulation results. Behaviour of the converter when
the voltage transfer ratio is 1.5 and the input power factor is 1.
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Figure 7-4 - Simulation results. Behavior of the converter when
the voltage transfer ratio is 0.5 and the input power factor is 1
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Figure 7-5 - Power losses of the new Figure 7-6 - THD of line and
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vectors (SVM3z), when the input the space vector modulation
power factor is 1. with  three zero vectors

(SVM3z), when the input
power factor is 1.
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Figure 7-7 - Behaviour of the matrix converter when the input
power factor is 1 and the voltage transfer ratio is 1.5. Input
voltage (200 V/div). Input current (5 A/div). Load current
(5A/div). Output voltage (200 V/div).
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Figure 7-8 - Behaviour of the matrix converter When the |nput
power factor is 1 and the voltage transfer ratio is 0.5. Input
voltage (200 V/div). Input current (5 A/div). Load current
(1A/div). Output voltage (200 V/div).
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7.5 EXPERIMENTAL RESULTS

Experimental tests have been carried out to verify the
performance of the proposed modulation strategy. The basic scheme
of the experimental setup is the same of Fig. 2. The converter is
based on the IGBT module FM35E12KR3. The control algorithm is
implemented on a fixed - point digital signal processor produced by
Texas Instruments (model TMSF2812). The parameters of the system
are the same of those shown in Table II, and the four - step
commutation is used.

Figs. 7 -8 show the behaviour of the converter when the voltage

transfer ratio is equal to 1.5 and 0.5. For each operating
condition, each figure shows the waveforms of the input line - to -
neutral voltage, of the input curre nt (filtered to remove the

switching harmonics), of the output voltage and of the output
current. As can be seen, the input voltage is practically in phase
with the input current, thus confirming that the input power
factor is equal to one.

The waveforms  of the duty -cycles mj; and m: (Fig. 7b and 8b) are
in good agreement with the simulation results shown in Figs. 3 and
4. These signals are discontinuous and are repeatedly clamped to
zero, thus producing the expected reduction of the switching
losses.

7.6 CONCLUSION

This chapter proposes a coherent and exhaustive methodology to

analyse the performance of three - phase ac -dc matrix converters.
The modulation strategy allowing the minimum switching losses and
the minimum output current ripple has been determined. This

strategy reduces the switching losses at least by 30% in

comparison to the space vector modulation that uses three equally -
spaced zero vectors. Some experimental results confirm the

feasibility of the proposed technique.
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FINAL CONCLUSION

The ai m of this thesis, carried out at the LEMAD Laboratory of
University of Bologna, is the analysis and design of electrical
machine s for  vehicle and aircraft applications. In particular,
during the Ph.D. period | realized two prototype of induction

machine (with two different rotor, one in Fe- Siand other rotor in
Fe- Co) for aircraft applications and a synchronous machine (PMSM)
for automotive application. Moreover , | also realized a drives

systemto  control this electrical machines.

As we have seen, in the pr  evious chapters, the adoption of
particular ferromagnetic material such as Fe - Co allows to increase
the density torque in the same size. This aspect is absolutely not
to be neglected in aircraft application. However, a method to
reduce carbon emissions and fuel consumption is presented.

The second part of this dissertation is dedicated to the
Aimatri x convertero and a modul adimultaneousit r at egy
improves the control range of matrix converter and reduces the
switching losses is proposed . Compared to the traditional SVM, the
proposed modulation strategy is able to obtain higher voltage
transfer ratios under the assumption that the desired power factor
at the input and at the output of the converter is not unity. As a
result, the switching losses ca n be sensibly reduced compared to
traditional modulation strategies.
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AEA
APU
BLDC
CVG
GUI
EBHA
EHA
Fe- Co
Fe- Si
FEMM
GCU
HP
IAP
IDF
JAA
LP
MEA
MEE

MESA

PMSM
POA
RAT

LIST OF THE MAIN

Al | Electrical Aircraft

Auxiliary Control Unit

Brushless Direct Current Motor
Constant velocity Gearbox
Graphical Use r Interface
Electrical Backup Hydraulic Actuators
Electrical Hydraulic Actuator

Iron Cobalt

Iron Silicon

Finite Element Method Magnetics
Generator Control Unit

High Pressure

Integrated Actuator Package

Inte grated Drive Generator
Joint Aviation Authority

Low Pressure

More Electric Aircraft

More Electric Engine

USED ACRONYMS

Magnetostrictive Equipment and System for More

electric Aircraft (project)

Permanent Magnet Synchronous Machine

Power Optimised Aircraft
Ram Air Turbine
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APPENDIX A

HARDWARE

DRIVER BOARD

Figure A -0-1 - 3D Model and prototype PCB
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POWERBOARD

Figure 0-2 - 3D Model and protype of power board
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