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Chapter 1

Introduction

1.1 Climate change and sustainable mobility

In recent years, societal concern about climate change has reached unprecedented
levels, driven by the growing body of scientific evidence and the increasing visibility of
its impacts [1]. Central to the discourse on climate change, is the recognition of human
activity as a critical driver of the phenomenon. Extensive research and consensus
among climate scientists confirm that the burning of fossil fuels, deforestation, and
industrial processes are significantly increasing greenhouse gas concentrations in the
atmosphere, leading to global warming and climate instability [2][3]. To show this
relation, Fig. 1-1 [4] depicts observed global temperature rise (compared to 1960),
along with equivalent CO5 emissions since the end of the industrial revolution. This
increasing awareness has derived in a global movement advocating for sustainable

practices and policies that mitigate human impact on planet’s climate.

Sustainable mobility is increasingly recognised as a critical component in address-
ing this challenge. Transportation sector is a significant contributor to global green-
house gas emissions, accounting for up to 16% of all emissions worldwide (See Fig.
1-2, compilation based on [4][5]). Consequently, transforming how people and goods

move is essential to reduce the overall carbon footprint and mitigate climate change.
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Figure 1-1: Observed temperature rise and equivalent global COy emissions

While accounting for an estimate of only 2% of global emissions, aviation has cap-
tured the attention of governments due to its high carbon intensive nature. Despite
recent studies showing that aviation industry is reducing its energy intensity over the
years, the increased demand, combined with the almost constant carbon emissions per
unit of energy have caused aggregated CO, emissions to rise [6][7]. Fig. 1-3 (Compila-
tion based on [6][7]) illustrates this evolution over the years'. Note how energy needed
per km and passenger has almost decreased by half, while the demand of passenger
flights has increased up to four times in a 30 years time span. Since fuel composition
has remained fairly constant, resulting emissions have approximately doubled in the
same time range. Considering that flight demand is not expected to decrease [8]?,
governments and companies are trying to evolve towards a more sustainable aviation

model.

!Sudden drop in data is attributed to 2020 COVID-19 pandemic, during which travel restrictions
were imposed, growing tendency has been recovered [7]

2Currently, an estimate of 10% of world population afford to travel by plane. As developing
countries increase their income, the figure is only expected to grow
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Figure 1-2: Equivalent CO, emissions per sector

In this context, the Spanish and French governments have recently announced a
ban on short flights, as long as a train-based alternative is possible [9]. The policy is
meant to fight the rising trend in flight demand, in favour of cleaner, electricity-based
solutions such as rail transportation. As regulatory framework and social agents start
penalising aviation high carbon-intensity, the need of a sustainable, electricity-based

aviation arises [10].

1.2 Electrical machines and drives

Prior to the analysis of electricity-based aviation, a brief overview of electric machines
and drives is provided. Fig. 1-4 contains a summarised view of main elements in an
electric drive (in the context of electric mobility®). As seen in the image, several

elements can be identified:

3Drives can also be fed directly from the grid. However, this is of no use for moving applications
like a vehicle
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Figure 1-3: Aviation COs emissions explained

e Energy storage: Provides energy to the system. Electro-chemical batteries

are the most widespread option for electric vehicles [11].

e Power converter: Responsible of machine control. Often referred to as an
inverter, since it converts battery DC voltage into AC voltage (typically 3-
phase).

e Electrical machine: Electromechanical conversion element. The machine con-
verts electrical power into mechanical power when working in motor mode, and

vice versa when working as a generator (regenerative braking).

Present work will mostly be focused in aspects related to electrical machines. There-

fore, a brief explanation on their types is provided.
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1.2.1 Electrical machine types

Electrical machines, essential in converting electrical energy into mechanical energy
and vice versa, are key in the industrial world. They can be broadly classified into

Direct Current (DC) machines and Alternating Current (AC) machines.

DC machines were historically significant due to its simple and precise speed
control and high starting torque. However, they need brushes and commutators to
maintain unidirectional torque, increasing their maintenance cost. Additionally, they
generally have lower efficiency compared to AC machines. Due to these drawbacks,

their have been reduced over time to specific applications [12].

AC machines are typically divided into synchronous and asynchronous machines.
They have displaced the DC machine due to their higher efficiency and lower mainte-
nance [13][14]. They may be design-adapted to fit a wide range of applications, from
small household devices to large industrial equipment. Additionally, manufacturing
and operational costs of AC machines are generally lower due to simpler construction
and widespread availability of AC power [12].

Out of the AC machines, most relevant types in the context of sustainable mobility

are [15]:
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e Induction (asynchronous) machines: Induced currents in its conductive
rotor produce torque. Widely used thanks to its robustness, simplicity, and low

cost, primarily in industrial and household applications [16].

e Permanent Magnet Synchronous Machines: Permanent magnets are placed
on the rotor to create a constant magnetic field and thus torque when the stator
is fed. They are known for high efficiency and performance, commonly used in

electric vehicles and industrial automation.[12]

e Synchronous Reluctance Machines: Operates by reluctance torque with no
rotor windings or magnets. This machine type is valued for its high efficiency
and simplicity. Its typically incorporated in static applications due to its high

volume and weight.

e Wound Rotor Synchronous Machines: They feature a rotor winding sup-
plied by an external DC source, allowing for precise control of power factor and

used in applications requiring high starting torque [16].

Fig. 1-7 and Table 1.1 contain, respectively, typical aspect of these machines, and

their summarised characteristics [14].

AC Machines

Asynchronous Synchronous
M WRSM PMSM SynRM

Efficiency at low speeds vv vv vvv vv
Efficiency at high speeds vvv vv vv v
Torque density v v vvv v
Power density v v vvv v

Temperature robustness v X XX vv
Maintenance v X v v
Torque ripple X X XXX v
Cost v 4 XX v

Table 1.1: Summarised comparison among most used electrical machines

20



(c) SynRM (d) WRSM

Figure 1-5: Most common machines in electrical vehicles

1.3 Permanent Magnet Synchronous Machines

Rapid development of magnetic materials over the course of last century has promoted
their use on electrical machines. Fig. 1-6 depicts how permanent magnets have

evolved quadratically in terms of energy density [17].

For this reason, PMSMs have become the most torque and power dense kind of
AC machines. These attributes combined with the development of power electronics,
and control strategies, have led to a rapid integration of PMSMs in traction appli-
cations [14]. However, rare-earth magnets can limit the operation of the machine
at high speeds. Induced voltage becomes too high and field weakening operation is
needed, decreasing efficiency. Additionally, rare earth magnets are typically expen-

sive in terms of cost, and their price tends to oscillate due to political restrictions [18].
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Figure 1-6: Permanent magnet materials energy product evolution

Variable Flux PMSMs (VF-PMSMs) were first proposed to solve these drawbacks
in [19], and have recently gained interest in literature [18]]20][21]. Key aspect of VF-
PMSM is their magnetization state (MS) manipulation capability, even during ma-
chine operation. By combining proper design and permanent magnets, short current
pulses can be used to reduce induced voltage [19]. Fig. 1-7a contains a conventional

and a variable-flux type PMSM.

Since magnetization state of the permanent magnets can be modified, available
machine torque and stator induced voltage can be controlled.Previous feature is ben-
eficial to improve efficiency at high speeds, where torque demand is low and induced

voltage may reach converter limits.

However, for this feature to be exploited, machine operating points must be known
in advance, in order to adapt magnetization state to torque requirements. This may
be difficult for applications such as passenger cars, but could be feasible in other
applications inside transportation like railway or aircraft. Additionally, it could also

be integrated into the industrial world or home appliances.
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(a) Conventional (b) Variable Flux

Figure 1-7: Conventional and variable flux type PM machines

Previous consideration is illustrated in Fig. 1-8, in which power requirements for a
passenger car and a commercial plane are compared. Requirements in an average
passenger car depend on uncontrollable external factors, as represented by WLTP
cycle* shown in red in the image, and is therefore difficult to know if the driver will
demand torque or not. On the contrary, flight missions have a much higher degree of
predictability. Flights are often summarized to takeoff, cruise, and landing. Even if
reality can be more complex, predictability can still be assumed compared to other

applications.

4World Harmonized Light-Duty Vehicle Test Procedure (WLTP) is a global standard used to
address power consumption on light-duty vehicles. Developed by the United Nations in 2009, it
models a representative trip in terms of linear speed for a light-duty vehicle
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Chapter 2

Goals and Scope

As previously stated, the integration of VF-PMSMs into some applications has the po-
tential to improve their efficiency, thus reducing energy consumption. This adoption
could therefore help in the development of more sustainable forms of transportation.
To date, no commercial traction application has successfully achieved this integra-
tion® due to design, reliability and control challenges, that are currently under study.
The following master thesis will be the starting point of a long-term project aiming
to study this adoption in detail. Project is leaded and funded by Ingeteam Power
Technology SAS, and will focus in areas such as machine loss production mechanisms,
optimized machine design techniques, control strategies, modulation schemes and di-
agnostics (i.e. thermal and magnetization state detection). All of the above will be

integrated to develop a certified electrical machine for aircraft applications.

Complexity of the project requires several preliminary steps to be taken. Being
the first of them to build a 25 kW test bench with a first machine prototype. This
equipment will be used to assess developed knowledge during initial stages of the

project, and is conceptually shown in Fig. 2-1. Then, final goal is to develop the

5Qnly registered commercial application for a VF-PMSM is held by Toshiba, who integrated it
into a washing machine (patent US8179068B2)

6Ingeteam is a Spanish technology company specializing in the development of electrical equip-
ment, motors, generators, and control systems. Founded in 1972, the company focuses on strategic
sectors such as renewable energy, power generation, railway traction, marine, and the water industry.
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back-to-back converter shown in the image, as well as a VF-PMSM machine proto-

type”.

More specifically, and adjusting scope to available time frame for the completion

of the completion of this master’s thesis, objectives could be listed as follows:
e Comprehend particularities of VF-PMSM against conventional PMSM
e Use finite-element analysis software to achieve:

— Optimized machine design based on previously developed prototypes, fol-
lowing electromagnetic and structural criteria. For this objective, available

algorithms and methods inside this kind of software are explored.
— Reliable efficiency characterization to predict potential impact of VF-PMSM

on aircraft applications

e Perform experimental tests and use the information as feedback into finite-
element simulations, to increase their reliability:
— Power loss prediction capabilities in a known topology
— Different magnet characterisation
— Machine efficiency at different magnetization levels

e Combine experimental and simulation results to predict impact of VF-PMSM

adoption in aircraft applications

e Build and test a back-to-back power converter to feed the machine in future

stages of the project.

"DC source in the image feeding the converter is already available at the moment
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Chapter 3

Theoretical background

3.1 Permanent magnet machines fundamentals

All rotating electrical machines rely on the same operating principle. The interaction
between stator magnetic field and rotor magnetic field will produce torque, causing
rotor to spin [22]. Electrical machines may be classified according to how this fields
are created. While stator magnetic field is always produced with energized windings,
rotor field is not so straightforward. It can be generated through either energized
windings, conducting bars, or permanent magnets. This section will cover phsycal

background behind this last kind of machines.

3.1.1 Operation principle

Consider the situation in Fig. 3-1, in which a ferromagnetic rotor equipped with
permanent magnets is placed inside a stator, whose teeth have been filled with copper
windings forming phases a, b and ¢. Also, consider circulating currents to be of the

following form, being I current amplitude, and w its angular frequency.

.

iq(t) =1+ cos (wt)

ip(t) =1-cos (wt — 2F) (3.1)




Adopting the convention of the phase conductors in the figure, each current will
produce a proportional magnetomotive force on its magnetic axis, mag, bmag, and

Cmag (in quadrature with the conductors according to Ampere’s Law).

Figure 3-1: Permanent magnet machine principle of operation

Magnetic axes are %” radians spatially shifted from each other. Therefore, it is

convenient do introduce complex operator a as follows:
2w
a=es’ (3.2)

Where j denotes the imaginary unit. Based in Fig. 3-1, the operator allows to express
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the position in space of each phase magnetic axis in complex form:

e

(mag = 1
binag = @ (3.3)
Cimag = @°

\

Then, resulting stator magnetomotive force in space at an arbitrary time instant ¢

can be expressed as a function of currents [16]:

_—>

iabc(t) =k [ia(t> +a- ib(t> + CL2 ' Zc(t)} (34)

Where i4.(t) is usually referred to as the current complex vector [23], and k is the

transformation constant. If the following complex identities for the cosine are consid-

ered: ) " "
0) —
cos(0) i
Q2. el — g e
cos(f — &) = 5 (3.5)
0 _ 2. —jo
9 a-e’ —a"-e
\cos(@ +3) = 5

Equation (3.4) becomes:

— I , . 4
Gabe(t) = K - 3 [36]9 — e*jeﬁ;k/@‘f»/df)] =k- ; T edvt (3.6)

Which implies that air-gap magnetomotive force is rotating in space at the same

rate as the current angular frequency. If transformation constant k is chosen as %,
the complex vector will have the same amplitude as the currents (amplitude invariant
transformation). Main conclusion to be extracted is that the circulation of a balanced
three phase current system produces a rotating magnetic field at machine air gap.

Rotor magnets will try to align with this field, thus creating torque.
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3.1.2 Machine modelling and torque production

Machine modelling requires the introduction of the synchronous reference frame trans-

—

formation for a complex vector f [16]:

fe - 7 ' €—j9 (37)

This operation will align the vector with a reference frame that is displaced by an an-
gle # with respect phase a magnetic axis. The rotation is of great use in synchronous
machines, if a vector is rotating at rate w and is expressed in a frame that moves at

the same frequency, it will become a constant complex number.

This fact can be used to define a reference frame that is synchronized with machine

rotor. Consider machine rotor displayed in Fig. 3-2.

bmay

Figure 3-2: Stator current in rotor-synchronous reference frame

In the image, Apys denotes the location of rotor’s north pole and is used to define

its direct or d axis. Then, machine stator current can be expressed in the synchronous

32



reference frame to become i4, (where ¢ stands for quadrature). As shown in the image,
current vector may be decomposed into its real and imaginary components, namely
iq and i, ®. From the image, i, can be deduced to have impact on torque production,
due to its relative position with respect rotor magnetic field. On the other hand, 4
current can be used to affect rotor magnets flux linkage.

After this approach is introduced, electrical model of the machine can be derived. If
each phase is considered equal with a resistance of R, Kirchhoff’s second law states

that voltage at any phase is [22]:
v(t) = Rs-i(t) + —— (3.8)

Where A denotes flux linked by the corresponding phase winding. The equation can
be further generalized to its complex vector form yielding:

’U—al—; = Rs : iabc + (39)
Explicit time dependence has been dropped for simplicity. If the equation is expressed

in a rotor-synchronous reference frame (rotor electrical pulsation being wy.ozor), ma-

chine electrical model is obtained.

N — d) . —
Vdq = Rs * Udq + Wq - ]wrotor/\dq (310)

Considering that rotor d and ¢ axes inductances are not necessarily equal [22]°, they
will be denoted by separate variables Ly and L, respectively. This allows to express

flux in each rotor axis as:

A= Ly 14

8The association of d and ¢ with real or imaginary components is dependent on the adopted
convention [16]

9This is explained by rotor design. If magnets are placed in the surface of the rotor (SPMSM),
both axes will have similar reluctance since magnet permeability is similar to that of air. However
this is not true for cases in which rotor magnets are placed inside the core (IPMSM), one of the axes
will have more iron on its path, thus reducing reluctance and increasing inductance
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Combining (3.10) with (3.11) gives rise to the machine electrical model:

dig(t
va = Ry ig+ Ly alt) Wrotor Lgiq

did&) (3.12)
Vg = Rs : iq + Lq# + wrotor(Ldid + )\PM)

Where an explicit coupling between the axes can be seen on last terms present in both
equations. These velocity-dependent terms are usually referred to as crossed-terms

[22], and justify the increasing induced voltage with growing speed.

Finally, electromagnetic torque (7.) produced by the interaction of rotor and

stator magnetic fields is given by 3.13 [16], in which p denotes machine pole pairs:

3 . .
T, = 2P Apaiy + (La — Ly)iqi, (3.13)
—_—— ——

Ts T

In the equation, two terms can be identified. First term (7}) is denoted as synchronous
torque. It is dependent on 7, current due to quadrature between i, and Apj; with rotor
magnetic axis, causing maximum torque to be created. Second term (7)) depends
on the difference among rotor inductances, it is typically referred to as reluctance
torque [22]. When flux lines cross the rotor, a force is created to align it with the
path showing the lower reluctance.

Some conclusions can be extracted from previous modelling process. First, mag-
net flux linkage will highly influence torque production. Secondly, it will also affect

induced voltage, being its influence larger as speed increases.

3.1.3 Vector control and field weakening operation

Previous model has been taken as an advantage from control perspective [16]. Based
on (3.11) and (3.13), when current complex vector is expressed in a rotor-synchronous
reference frame, its components ¢4 and ¢, can be used to modify rotor flux and torque
respectively. Since control is performed by acting directly upon machine complex

vectors, this approach receives the name of vector control [16]. Fig. 3-3 depicts a
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generalized scheme for the implementation of this strategy [23].

id Vg Uy
—O— PI(s) dq
generation v v,
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dq
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N
(4]
Ldt )
erotor
Electrical
machine

Figure 3-3: Generalized vector control scheme

Machine operation can be broadly divided into two regions: Maximum torque re-
gion and field weakening region. Fig. 3-4 displays them, together with the evolution

of some of machine key variables.

To properly understand the figure, (3.12) must be examined. Note how in steady
state, assuming resistive drop to be negligible, induced voltage magnitude is approx-
imately:

‘175(” ~ Wrotor * ‘)\dq’ (314)

Consequently, when speed is low, induced voltage v4, is below converter voltage
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Figure 3-4: Machine operation regions

capabilities [22]!°) allowing maximum torque to be produced. As speed reaches value
Wpase, iNduced voltage equals converter limit. In order to further increase speed, flux
magnitude must decrease. For induction machines, separately-excited DC machines,
and wound-rotor synchronous machines, flux can be directly modified with field cur-
rent [22][23]. On the contrary, flux is generated by a permanent magnet in PMSMs,
and thus can not be directly controlled. To reduce rotor magnet flux linkage Ap,/,
a negative i4 current must be injected. Because current magnitude is kept constant
to maintain input power, %, current magnitude decreases, reducing output torque
as shown in Fig. 3-4. Field weakening operation reduces machine efficiency since
a portion of input power is dedicated to reduce magnet flux, instead of producing

torque.

v
10This limit depends on adopted modulation strategy, it is generally restricted to % but it can
Vde

V3

be augmented to with tripplen harmonic injection
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3.2 Variable-Flux machines operation

Variable-Flux PMSMs (VF-PMSM) are proposed to solve the adverse effects of field
weakening operation in permanent magnet machines. This achievement will be ex-
plained in the present section.

First consideration is the definition of two separated zones for magnetic charac-
teristic of magnetic materials. This zones are usually denoted as recoil and droop,
each of them being characterised by their magnetic permeability, 1, and fig,00p T€SPEC-
tively. When joined toghether, it is said that the material is represented by means of

a bilinear approximation.

Bilinear Recoil Saturation
approximation B, / ,
l
Droop :
L H
HC Hc Hsat

Figure 3-5: Real and bilinear characteristic of magnetic materials

After that, consider the magnetic characteristic of a hard magnetic material such
as a rare-earth permanent magnet (Fig. 3-6). Since recoil permeability of rare earth
magnets is almost constant, and their knee point is usually far from the origin [24],
a moderate and continuous 74 current must be injected to effectively reduce magnet

flux linkage.

Differences can be appreciated in Fig. 3-7, in which a high-coercitive force mag-
net (rare-earth, typically NdFeB) is combined with a low-coercitive force material
(AINiCo or similar). The magnetic characteristic of the mixture will have different
coercitivity and remanence than original compounds. In addition, knee point will be
closer to the origin, making it attainable within converter current margins. This fact

is illustrated in Fig. 3-8.
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Figure 3-6: Rare-earth magnet flux linkage reduction by ¢, injection

When field intensity goes beyond the knee point, the magnet will return to a lower
remanence once current is removed. That is precisely the advantage of VF-PMSMs
over conventional PMSMs. In this machines, a short 74 pulse can result in lower mag-
net flux linkage, without the need for field weakening operation to be maintained.
This feature is typically exploited in high speed operation, where induced voltage
may reach converter limits, and torque requirements are low. When high torque is
required again, the magnets can be remagnetized with a positive iy current pulse,

following the characteristics shown in Fig. 3-9.

However this principle may be a source of trouble under high loading conditions.
Since magnets are easily demagnetized, flux barriers are usually introduced in VF-
PMSM designs. This is meant to prevent flux lines from the ¢ axis to pass through the
magnets as iron gets saturated. Additionally, this feature provides the machine with
larger reluctance torque, as inductance difference between d amd ¢ axis increases.

The situation is depicted in Fig. 3-10.
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Figure 3-7: Magnets arrangement in VFPMSM

3.3 Loss production and efficiency

Present section is meant to explain main sources of power loss in electrical machines.
The understanding of this phenomena is important not only when designing but also
when modelling electrical machines. In fact, developed expressions will be used in

further sections of the document.

3.3.1 Copper losses

Since most conductors in rotating machines are made of copper, their associated loss
is typically referred to as copper loss. Copper loss can be dominant in some cases
[17][25], and may be divided in two main components: DC and AC.

DC losses (PEC) depend on winding DC resistance Rpc and RMS circulating

current ¢ as given by the following equation:
PEC =% Rpe (3.15)

Where Rpc can be computed for a given conductor as:

[

— (3.16)

Rpc =

39



NdFeB Flux
+ Recoil density (B)

AINiCo trajectories

NdFeB

Demagnetization

AINiCo

"

Field
H, H, H, Strength (H)

Figure 3-8: Demagnetization of combined permanent magnets

In the expression, [ stands for conductor length, o represents material conductiv-
ity, and A denotes cross sectional area. DC Copper losses are known to be highly
temperature-dependent. In the design stage, operating temperature must be taken
into account in order to define winding DC resistances. This is so because tempera-

ture influences DC resistance as given by (3.17).

Rpe(T) = Rpeg - [1+ (T — Tp)] (3.17)

Where Rpcq stands for initial resistance at any temperature Ty, and a represents
thermal resistance variation coefficient.

Next family of losses is AC losses. Physical phenomena like skin or proximity ef-
fects will lead to an increase in effective resistance as frequency rises. In other words,
two equal-amplitude but different frequency circulating currents will result in differ-
ing losses, with the higher frequency example producing larger losses. The relative
importance of these phenomena is dependent on winding configuration and machine
design, but literature suggests that skin effect is dominant for most frequencies and
windings [26][27][28]. Consequently, an analytical model for skin effect-caused AC

loss increase will be derived.
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Figure 3-10: Load current influence in magnetization state prevention

Consider the rectangular copper conductor shown in Fig. 3-11, placed inside a
ferromagnetic material that covers three of its outer faces. A current vector i is cir-
culating through it, causing field intensity H to be created.

Considering the ferromagnetic material permeability to be infinitely larger than that
of copper or air (which are fairly similar), more flux lines will be created at the
lower part of the conductor (closer to the ferromagnetic material). It will cause the
impedance to be increased locally at the bottom of the conductor, modifying current
density (j ) distribution. Let us develop an analytical expression for this current den-

sity variation among conductor height. For the derivation, consider paths formed by

points 1 to 8, both of height equal to dy.
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Figure 3-11: AC Currents in a conductor

From the figure, in which conductor height is denoted by h., conductor width is
denoted by b., and slot width is represented by b, generalized Ampere’s Law can be
applied to closed path 1-2-3-4-1 in the figure.

As the ferromagnetic material is assumed infinite in permeability, H only component

is located in the x axis with the figure convention, thus yielding [17]:

yﬁﬁ-cﬁ://fds
S

H'b—<H+a—de)‘b:J~bc~dy
dy

From the above equation, partial derivative of field intensity with respect height

is obtained as:
OH b

5= (3.19)

Next, Faraday’s induction law can be applied at closed path 5-6-7-8-5 in the figure,
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(4.2) being obtained. In the equation, vector E denotes electric field.
pia-g [[5as
ot
5 (3.20)

OF 0 =
—-F- FE 4+ — = — B
l—l—( + aydy) 8t// dS
S

From which:
oF 0B o0H
oy ot M (3:2)

If this last equation is combined with generalised Ohm’s law (in which o, stands for

conductor conductivity):
(3.22)

The following three identities in phasor form can be obtained, where iy denotes

vaccuum permeability, 7 stands for the imaginary unit and w is AC current angular

frequency.
0H b,

dy b=

j (3.23)

If last equation is differentiated with respect height y and combined with top

equation, current density differential equation for height is obtained as:

*JI . be

The equation has a solution of the form:

J=0C; - e(1+i)-ay + O - e~ (1+5)-ay (3‘25)

43



Where « is the inverse of the so called skin depth'!, its value being given by:

wob,
2b

o =

(3.26)

1

This constant has units of m™" and can be turned to dimensionless if multiplied

by conductor height:
1 b.

§=ah,=h, SWHOe (3.27)

Constants C; and C5 can be computed with appropriate boundary conditions to

be equal to:

B _ JwloO,
Cr=C= (1 + j)ba (e(+iahe — e=(+i)ahe)

(3.28)

Once current density as a function of height is known, losses can be integrated for

the entire conductor as:

P —/hc—(de)2 ! —bc'l/hcﬁd (3.29)
AC = ; = c @Y abcdy_ o J, Y .

The factor by which DC losses have to be multiplied in order to represent AC losses

increase is then equal to:

Rac B2 [
kp=— =-% JJ'd 3.30
R Rpc 72 . Y ( )

Which can be approximated to multiple circular conductors inside the slot to yield

[17]:
2_ 02
kp /0 1405922

5 &t (3.31)

In the equation, z; stands for conductor layers. The above equation will be used

through the thesis to approximate the effect of AC losses inside machine windings.

118Qkin depth is usually considered as the distance from conductor surface, at which current is still
circulating
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3.3.2 Iron losses

Alternating magnetic fields in electrical machines are also a source of losses in its
magnetic cores. Similar to winding resistive losses, which are referred to as copper
losses because of its composition, magnetic core losses are typically denoted as iron

losses.

Machine magnetic circuit is subject to two families of losses: hysteresis losses and
eddy current losses. First kind is related to the magnetic nature of the medium,
and can be described by means of material B-H characteristic. Eddy current loss
is explained by parasitic currents being induced in the cores. Therefore, this loss is
related with core dimensions and electrical parameters.

Hysteresis loss can be addressed by considering a magnetizing curve like the one
shown in Fig. 3-12. As seen in 3-12a, when the material is first magnetized, field
intensity will go from H; to H,. Following the material B-H characteristic, positive
energy per unite of volume is being given to the magnetic system, as field density

increases from B; to B,. This energy, with the notation of the figure, can be computed

as [17]:

(a) Field is applied (b) Field is removed (c) Energy is lost

Figure 3-12: Energy loss process due to hysteresis

B>
Wi = [ HdB (3.32)

By

Once external field is removed, flux density evolves from By to Bz due to its hysteretic
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nature. Contrary to the magnetization process, energy per unit of volume is being

returned by the magnetic system as given by:

B3
Wy = | HdB (3.33)

By

On aggregate, hysteresis loss is computed as a line integral. Note that the obtained

energy is expressed in units of volume, to obtain total energy, multiply by volume V.
Whys =V - %HdB (3.34)

For alternating quantities, power may be obtained as the product of energy and
frequency, this being the reason why hysteresis losses are considered to vary linearly
with frequency:

Phys = f : Whys (335)

Empirical expressions are typically used to approximate this phenomena. An example
is provided in (3.36), where 1 and n are material constants, and B, stands for flux
amplitude.
Phys = [0 Bpae -V (3.36)
On the other hand, eddy currents are the result of induced voltages in the cores
due to Faraday’s Law. These voltages will create currents that will oppose changes
in the flux. This effect can become dominant in solid objects, leading to machine
cores being thinly laminated. To provide a physical explanation, consider the solid

core in Fig. 3-13. In the core, of width w, height A, and lamination thickness d, an

alternating flux B = B4, - sin(wt) is passing perpendicular to its surface.

Maximum flux in an arbitrary rectangular region of width x will then be equal to:

¢ =2h-x- Bmaa} (337)
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Figure 3-13: Solid ferromagnetic core subject to alternating flux B

According to Faraday’s Law, when region width d is significantly lower compared to

height, induced RMS voltage is equal to:

me(II

V2

E =2hx

(3.38)

Next, resistance of the path must be computed. If lamination thickness d is negligible

with respect height h, it can be approximated to:
[
R=p-~— (3.39)
s

In which [ stands for the length of the path for the circulating eddy current.
Joining last two expressions, an equation for a differential circulating current is ob-

tained:
27 f Bragwz - dx

V2p
47
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Differential power loss is obtained from multiplying current and voltage:

(27 f Binaz)? - wha?

dPygqy = E - dI = ;

dx (3.41)

Then, integrating in the positive current direction, total loss is obtained:

[VlIsH

d
E 2 Bmax 2 2
P.aay :/o dPeqay = %wh/o r2dx (3.42)

Since core volume is equal to, V' = whd, the integral becomes [17]:

V - (7 f Binaad)?
6p

Peddy - (343)

Main conclusion to be extracted from the expression is frequency quadratic depen-
dency, and lamination thickness cubic dependency. The analytical expression may

differ from experimental results, causing empirical polynomials to be developed.

In most analytical approaches, both hysteresis and eddy current loss components

are joined together, to form expressions of the type:

Pre=ky - B f*+ k,-B?- f° (3.44)

~
Hysteresis Eddy currents

Where kj, and k. are material constants, as well as v, «, 0, 5 [29]. Exponents o and
[ are commonly chosen as 1 and 2 respectively, based in previous analytical consid-
erations. However, this may not be accurate enough in some cases. To adapt these
dependencies to discrete calculations such as finite-element analysis (FEA) software,
material manufacturers offer loss density tables as a function of flux and frequency
(shown conceptually in Fig. 3-14). It is convenient to express these dependencies as

volume-independent in order to ease its implementation in FEA software.
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Figure 3-14: Typical loss specific coefficients as a function of flux and frequency

3.4 Optimized design algorithms

Optimization is a widely utilized concept in contemporary electrical machine design.
The aim of the optimization process is typically related to enhancing performance,
extending lifespan, or reducing cost. Given that electrical machines are fundamental
components in the industrial world, maximizing their performance is often a pri-
mary focus [30]. Recent advancements and trends in mathematical tools, linked to
enhanced computer simulation capabilities, have facilitated the integration of opti-

mization techniques into the design of electrical machines [31].

Two families of optimization techniques can be distinguished:
e Parametric optimization
e Topology optimization

In parametric optimization, design variables (rotor radius, tooth width, skew an-
gle, nominal current...) are specified, and an algorithm explores a large number of
possible values and combinations for each of the parameters. Objective functions
will be evaluated for each of the possibilities and the designer will select optimum
cases based on application requirements [32]. Therefore, this technique imposes a
parametric definition of some design variables. Fig. 3-15 depicts this reasoning with
an example in which magnet length is optimized following this approach. Paramet-
ric optimization has the advantage of being simple and reliable. However, obtained

shapes can only be as complex as the designer experience allows to.
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Machine topology is fixed, and the designer must be able to select most adequate

variables to be modified.

Parametric design Variable sweep

[min [z

Objective function
and optimization criteri

loptimum

Optimized solution

Figure 3-15: Parametric optimization workflow

On the other hand, topology optimization works differently, allowing for complex
geometries to be obtained. Instead of changing previously defined parameters (related
or not to machine geometry), the algorithm decides best material for every machine
element!'?. This is considered as a change in machine topology rather than just ge-
ometry, since optimal design may be significantly different from the initial case. Fig.
3-16 provides an example for this reasoning. In the image, some parts of the machine
are enclosed within a design region, then, an algorithm will alter the material com-
position inside that enclosure. Typically, the method is configured to decide between
two materials for every element (iron and air in the figure), similar to parametric

approach, simulating a large number of cases helps reaching an optimum solution.

12Both parametric and topology optimization methods are implemented in FEA software, in which
an element stands for a mesh element inside the model.

50



Initial topology Optimized topology

Design region

Topology optimization

Figure 3-16: Topology optimization workflow

Main concern with this algorithm is related with solution feasibility in mechanical
terms. Even if optimum, obtained topology may be impossible to manufacture or
inconsistent with mechanical constraints. To solve this issue, Normalized Gaussian
Network approach is proposed [31]. This method ensures obtained solutions to be
smooth and feasible to manufacture, its fundamentals will be explained with the
aid of Fig. 3-17. Consider a rotor slot with two magnets, made of materials A
and B respectively, and modelled by a finite-element mesh. Since both magnets are
included in the design region, the algorithm has to choose optimum material for each
of their elements. To do this, several Gaussian distributions with center located at
points (i, f1,,) and standard deviation o are placed within the region. Any Gaussian

distribution G}, can thus be described in the zy plane as follows:

(z = pia)® + (y = p1y)?
e 202 (3.45)

1
2mo?

Gr(z,y) =
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Figure 3-17: Topology optimization using Normalized Gaussian Network (NGNet)

The algorithm will normalize each of this distributions as given by (3.46), in which

N stands for total number of distributions inside the region.

Gy,

Gl = —=2F
|G| Shle)

(3.46)

This information is merged to develop the status function S(z,y), defined for every

(x,y) element as follows:

S(a,y) =Y wi- |Gl (3.47)

In the expression, w; denotes the weight vector. Status function determines the state

of an element located at (x,y) as explained in (3.48)

S(z,y) > 0 = Material A
(3.48)

S(x,y) < 0= Material B
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Usage of Gaussian distributions reduces the significance of points as they move from
the center of the bell, promoting the creation of smooth and feasible shapes. The
algorithm will iterate over weight vector w; in order to find best material for each
element. Fitness of a weight vector belonging to iteration k (wy) is be evaluated

according to:
Nobj

fe=_ 177 (w) - py (3.49)

Where Ng,; denotes number of objective functions and p; stands for relative weight
of objective function f;’bj within the global optimization process.

Finally, topology optimization can also rely on genetic algorithms in order to shift
from one iteration to another. Fig. 3-18 contains a summarised scheme on this family
of algorithms. As depicted in the image, an initial population of solutions is generated
(typically in a random manner). Each element is evaluated according to (3.49) and
best cases are used to generate children solutions. Next generation is composed by

best children and best solutions from previous population.

Generation Generation
n n+

1
/ Population \ Population \
ﬁ;\\
V’ / y To next
}ké generation

Best solutions

Best solutions

are used to compute are brought to next

generation

children

NS

@ © @)

© o ® s

K Children / K Children /

Figure 3-18: Conceptual scheme of genetic optimization algorithms
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Chapter 4

Experimental results

Following chapter will cover the developed work towards the objectives that were
stated in Chapter 2. More specifically, it will go through experimentally obtained

results, with its appropiated explanation.

4.1 Iron loss estimation capabilities

Following section is meant to get a closer look at FEA iron loss estimation capabilities,
since discrepancies among FEA and experimental data have been widely reported in
literature [29][33][34]. To address this problem, a simple experiment is carried out.
Obtaining an accurate loss measurement that isolates iron contribution is hard with
complicated geometries like the ones found in electrical machines. Therefore, the test
is performed on a ferromagnetic toroid, due to its simple geometry. This approach

has been proposed in literature to isolate iron losses [29][33].

Consider the setup in Fig. 4-1, in which two copper windings of Ny,s are placed
in a toroid of average length [ and cross section A. Additionally, a resistor R,casure
is connected to one of the windings to estimate circulating current with its voltage

drop'3.

13Resistance tolerance must be low for the estimation to be accurate
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Figure 4-1: Experimental loss measurement explained

When input voltage v;, is fed into the primary winding, current ¢;, will circulate,
creating magnetic field strength as given by Ampere’s Law (4.1), in which a uniform

field distribution must be assumed!.

§I§H(t) = N - i(t) = H(t) = N+"<t> (4.1)

Field intensity in the core will translate to a magnetic flux (¢) that will link the sec-
ondary coil, thus inducing voltage (vs..) according to Faraday’s Law (4.2), in which
B denotes flux density.

dp(t) dB(t) 1

t
sec(t :Nurns—: Nurns'A— B(t) = ——- sec(t dt (4.2
tclt) = Ny DB = N ) 58 = B0 = g [ oelt) dt 42)

From the equations, it can be deduced that both flux density and field strength
can be estimated from measuring voltage and current in the toroid. In order to
decouple the influence of circuit series impedance, secondary coil is left unconnected.
This assumption is based in the circuital model shown in Fig. 4-1 [35], as no current

is circulating through secondary impedance (Zgeies is of equal magnitude in both

14This is a feasible assumption due to the simplicity of the geometry
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windings due to the equal number of turns), no voltage drop will be present. This

enables the direct measurement of the induced voltage v, at secondary terminals.

To measure losses, note that the toroid is not providing any useful work. This im-
plies that all its power consumption from the source is core power loss. As previously

mentioned, only iron losses (Pp.) are of interest in this case.

PFe = Pzn - Pseries (43)

Therefore, denoting the primary current as i;,, it can be stated from the circuital

model that:
PFe(t) = Usec(t) . Zzn(t) (44)

The test will be carried out with the aid of a signal generator, whose frequency will
be varied. Averaged value of instantaneous power will be computed for an integer
number of cycles to obtain iron losses. The described setup is shown in Fig. 4-2.
When the experiment is carried out at constant input voltage and increasing fre-
quency, measured voltage and current take the shape in Fig. 4-3. Test frequencies
range from 100 Hz to 5 kHz. Obtained fundamental current is recorded for every
measure, results being shown in Fig. 4-4. This information will be used as an input

to FEA simulations, since they are usually current-fed.

After the tests, the toroid is modelled in JMAG-Designer FEA software as shown
in Fig. 4-5. Manufacturer offers a magnetic characteristic for the material that
is introduced in the model. Once simulations are run, obtained flux magnitude is
compared with flux estimated by (4.2) in Fig. 4-6. It can be seen in the image that
the estimation accuracy decreases with frequency, going from 98.6% accuracy at 100
Hz to 85.9% at 5 kHz. This discrepancy may be explained by the frequency-dependent
nature of B-H curve.

To support this hypothesis, an experimental B-H curve is derived and compared
with manufacturer data. Additionally, this information can also be used to compute

losses following (3.33).
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Figure 4-2: Experimental setup for toroid iron loss measurement

Fig. 4-7 shows measured B-H curve at different frequencies. In the image, solid
black line represents manufacturer specified characteristic, while red area indicates
the measured area for the loop trajectory. It can be seen from the image that the
curve departs from manufacturer data as frequency increases. This loss in perme-
ability can explain the discrepancy between FEA estimated flux and measured flux.
Losses will be related with red area in the image, and their increasing tendency can

be seen in the figure.
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Figure 4-3: Circuit measure at different frequencies
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Figure 4-5: Toroid model in FEA simulation

Material magnetic characteristic is modified with frequency as shown conceptually
in Fig. 4-8. This effect has been reported in literature [33] and is often attributed
to eddy currents opposing flux to be created. This implies that the computation of
losses could be done entirely using area inside hysteresis loops, since it would consider

both hysteresis and eddy current effects at the same time.
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Figure 4-6: Measured and simulated flux densities for the toroid

To validate this hypothesis, several methods to estimate losses will be compared
with measured values. Measured power loss is computed for each frequency of period

T as follows:

P = T/o Zm(t) 'Usec(t) dt (45)

Losses accounting for series impedance can also be computed if primary side voltage
is used instead. This procedure will also be performed on FEA obtained variables.

FEA software also offers a dedicated iron loss solver based in (4.6), it will also be

used for the comparison.

(

Nelem

Phys = Z k:h'ffund' ‘B|a'vi
=1
Nelem NfTE‘Z

Peddyzz Zkef]3|B|6 U;
k=1

=1

(4.6)

\

In the estimation, v; denotes the volume of each element in the mesh. One key
consideration about the equations is the fact that hysteresis losses are only evaluated
at flux fundamental frequency, while eddy current losses are added over the entire

frequency spectrum. In order for this estimation to be accurate, constants k; and k.
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Figure 4-7: Measured magnetic characteristic at different frequencies
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Figure 4-8: Frequency influence on material magnetic characteristic

must be obtained from experimental data. Consequently, a polynomial fit of degree 2

is computed and shown in Fig. 4-9, from which the two coefficients can be obtained.
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Figure 4-9: Polynomial fit on measured toroid loses

When the simulation is run, obtained power losses using different methods are
shown in Fig. 4-10. From the image, it can be deduced that using FEA results
to determine losses with electrical parameters as given by (4.5) is not accurate for
frequencies above 800 Hz. However, dedicated FEA iron loss solver offers relatively
accurate results when material experimental data is available. In order to make this

results reliable, correction coefficients would be needed.

Flux estimated in Fig. 4-6 may cause the lack of accuracy of both FEA loss
estimation methods. For the electrical estimation, note that induced voltages are
dependent on flux (Faraday’s Law), and for the dedicated solver, flux magnitude is
explicitly appearing in the estimation (see (4.6)). On the other hand, the consider-
ation of hypothesis in Fig. 4-8 yields much more accurate results. It can be seen
that estimating losses with hysteresis area offers excellent results for all frequency
range. As previously stated, this can be attributed to the fact that measured B-H

characteristic takes into account the effects of eddy currents in the material. There-
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fore, curve deformation shown in Figures 4-7 and 4-8 may be responsible for both
FEA inaccuracy and area-based estimation accuracy. Classical approaches shown in
Section 3 compute hysteresis and eddy current losses separately. This is so because
both analysis are thought for a static magnetic characteristic of the material. As a
conclusion, a dynamic representation of material magnetic characteristic may result
in an accurate iron loss estimation, some of them have been proposed under the name

of the dynamic Jiles-Atherton model [33][34].
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Figure 4-10: Iron loss estimation methods compared
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4.2 Magnetic materials characterization

This section is dedicated to the study of magnetic characteristic for different families of
permanent magnets. Goal of the section is to visualize the impact of different magnet
combinations, while getting accurate information to introduce into simulation models.

As stated earlier in the document, magnets are typically characterised by means
of their B-H curve. During present work, this information is obtained using the equip-

ment in Fig. 4-11, able to record flux measures for different operating temperatures.
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Figure 4-11: Magnet characterization experimental setup

When described equipment is used for different magnets, results in Fig. 4-12 are
obtained. In the image, proportion of each material is specified between parenthesis
at figure legend.

From Fig. 4-12, some conclusions about material mixtures can be extracted,

specially in the context of VF-PMSM.

e Adding AINiCo5 to NdFeB magnets brings knee point of the mixture closer to

the origin. This reduces demagnetization requirements in terms of current.

e Recoil and droop permeabilities are highly affected by the inclusion of AINiCo5,
both when mixed with NdFeB and Ferrite.
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Figure 4-12: Different magnets experimental characterization

e Ferrite addition into mixtures can increase droop permeability but shows little

effect on recoil permeability

Additionally, Fig. 4-13 shows how the inclusion of AINiCob5 causes recoil tra-
jectory after demagnetization (p.e.) to be different from initial recoil permeability
(Hrecy). This difference is measured and incorporated into future simulations when

using material mixtures, due to its importance when studying demagnetization.
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Figure 4-13: Recoil characteristic for pemanent magnet mixture composed of NdFeB,
AINiCob and ferrite

4.3 Test-bench results

As stated in thesis objectives, it is desired to characterize VF-PMSM efficiency at
different magnetization levels. Obtained results are thought to provide correction for
simulation values, in order to increase their reliability. This section will cover the
procedure for experimental efficiency determination.

A summarised diagram for the setup is shown in Fig. 4-14, while its actual
implementation is shown in Fig. 4-15. As seen in the image, test machine will be
mechanically coupled to an auxiliary machine working in speed control. Then, by
controlling current (and thus torque) following the scheme shown in Fig. 3-3, test

machine can be operated in any desired point of the torque-speed characteristic.
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Figure 4-14: Diagram for efficiency experimental determination setup

From the scheme in Fig. 4-14, three power measures will be available for the tests:

e DC Power input into converter 1 (P.)

e AC Power in test machine input terminals (P,.)

e Mechanical power at machine shaft (Pccn)
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Figure 4-15: Experimental setup for machine efficiency measures

For a given measure, each of these terms is computed as:

( 1 T
P)dc:f/O vdc’idcdt

! P = Z vj - 1; - cos(y;)

j=a,b,c
T
Wy
Pmech = T Te dt
\ T 0
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Where:
e v, DC-Link voltage as measured in Fig. 4-14
e i4.: DC-Link current as measured in Fig. 4-14

e Uy Fundamental machine phase voltages (RMS), computed from line voltages

in Fig. 4-14
e i, Fundamental machine line currents (RMS)
® ©..: Phase shift between fundamental voltages and currents of a given phase
e w,: Rotor mechanical angular speed
e T Electrical period for AC variables (synchronism period)
e T,. Exerted machine torque

Then, efficiency for both the converter and the machine can be computed as P,./P;.
and Pyecn/ Pae respectively. Measures will be taken at three different speeds: 500
RPM, 1000 RPM and 1500 RPM. Current will be injected directly in the ¢ axis.

Considered machine for the tests will be the one in Fig. 4-16, whose main ratings

can be found in Table 4.1.

Rated power kW] 1.8

Rated speed [RPM] 1500
Rated current [A,] 11
Number of slots 60
Pole pairs 4

Table 4.1: VF-PMSM parameters

Fig. 4-17 depicts instantaneous and average power at the DC side when machine
is rotating at 1000 RPM while consuming 15 A in its ¢ axis. Next, Fig. 4-18 and 4-19
show AC variables for the same measure. While current sinusoidal nature becomes

evident in sight of the figure, voltages are measured at the terminals of a switching
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(a) Actual machine (b) FEA Model

Figure 4-16: Initial VF-PMSM prototype

converter, hardening the identification of their fundamental component.
For this reason, Fig. 4-20 depicts fundamental components of phase U voltage and
current, in which an inductive power factor is identified. Finally, machine torque is

shown in Fig. 4-21.

DC input power P4y¢=1295.8093 W
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Figure 4-17: Measured power at DC side for ¢,=15 A at w,=1000 RPM
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Figure 4-18: Measured machine currents for 7,=15 A at w,=1000 RPM
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Figure 4-19: Machine phase voltages for ¢,=15 A at w,=1000 RPM

To properly represent mechanical losses inside the simulation model, the test ma-
chine is also operated at no-load. When current-controlled machine is not exerting
any torque, speed-controlled machine must only overcome its mechanical losses.

Since they are typically considered to depend linearly on speed, a linear fit is com-
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Figure 4-20: Fundamental voltage and current at phase A for i,=15 A at w,=1000
RPM

puted with laboratory measures as shown in Fig. 4-22.

Fit quality is reasonably good and a loss coefficient of 71.39 W/kRPM is obtained.

As mentioned earlier in the document, MS manipulation is achieved with short iy4
current pulses like the one shown in Fig. 4-23. Resulting MS after a pulse is then
estimated by measuring no-load induced voltage. The ratio between fundamental
components is taken as MS level. All of the described procedures and measures are

followed for two magnetization states: 100% and 75%

After the completion of the tests, obtained efficiency results are shown in Fig.
4-24 from which an interesting conclusion can be extracted: efficiency gap between

different MS gets reduced as speed increases, specially for low torque values.

73



12 T T T T

11+ nn _

ot 1)

Torque [Nm)]

0 0.05 0.1 0.15 0.2
Time [s]

Figure 4-21: Measured machine torque for 7,=15 A at w,=1000 RPM
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Figure 4-22: Measured mechanical losses
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Figure 4-23: Measured current during demagnetization pulse i =30 A at w, = 100
RPM

4.4 Power converter

Power converter mentioned in Chapter 2 was built and tested at low load. It is
organized as conceptually shown in Fig. 4-25, in which main elements and features
can be identified. Actual implementation of the power converter can be seen in Fig.
4-26. The converter is thought to be controlled using a Hardware In The Loop (HIL)

platform, but tests could not be carried out due to a lack of time.
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Figure 4-26: Developed back-to-back converter during preliminary tests
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Chapter 5

Finite-element simulation results

Experimental data obtained in previous section is used to run FEA simulations. This
simulations are mainly thought to estimate potential savings when using VF-PMSM
in an aircraft application. In addition, an optimized machine design is also proposed

using this software.

5.1 Energy saving for a flight profile

As mentioned in previous sections, typical flight missions have a high degree of pre-
dictability and simplicity when compared with other applications [36][37]. With the
adoption of VF-PMSM, this feature can be exploited to save energy, being the goal
of the section to validate this hypothesis.

Fig. 5-1 contains a summarised flowchart of the followed procedure. First step is to
consider a short-range flight profile , and to analyze power requirements during the
flight. Next, a reliable efficiency map of the adopted machine must be developed.
Finally, power requirements based on flight information are joined with machine effi-

ciency map to yield optimum operating points, and associated energy consumption.
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Figure 5-1: Methodology for energy savings determination

Since the goal of the section is to identify potential benefits of MS manipulation

in short flights, the method will be applied to the following cases:
e Machine with fixed magnetization state during the entire flight

e Machine with modified magnetization state at specific points

5.1.1 Proposed flight profile

First task is the proposal of a short-range flight profile. As shown in [37], typical
flight profiles can be summarised by three stages: ascending, cruise mode, and land-
ing. They are noticeably different in terms of power requirements, as rated power
is only needed during ascending phase. Fig. 5-2 (Ellaborated with data in [36][37])
contains a summarised power profile for a short flight, that will be used throughout
the section. Note that an interesting conclusion can be extracted from the graph,
specially when considering VF-PMSM adoption. If the machine is operated at con-
trolled constant speed, it could be deduced that fewer torque is needed during cruise
and landing phases of the flight. If less torque is needed, magnet flux linkage can be
modified to reduce losses. It can be considered that machine magnetization state is

reduced after the takeoff is finished.
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Figure 5-2: Simplified flight profile

5.1.2 Efficiency map development

Next task to accomplish is the development of an accurate efficiency map for the
electrical machine. The map will be obtained by means of FEA software, because ex-
perimental characterisation can not provide good resolution in the whole torque-speed
characteristic. However, early parts of the document justified the need of experimen-
tal correction in FEA models. These two imply that simulation results and models
must be fed with experimental results to be trustworthy.

The approach is summarised in Fig. 5-3. In previous chapter, experimental efficiency
measures were obtained for a set of points within torque-speed characteristic. Then,
next step is to run a simulation for the entire machine characteristic in FEA software.
After that, results from simulations and laboratory measures are compared in order
to obtain correction coefficients. Finally, this coefficients are linearly extrapolated to

the entire curve, increasing efficiency map reliability.

Considered machine design throughout the section will be the one in Fig. 4-16.
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Figure 5-3: Efficiency map development scheme

Next step is to run a simulation accounting for the entire torque-speed map. Key
aspect to consider prior to the simulation launch is loss modelling configuration.
Copper losses will consider DC and AC effects as explained by (3.31) discussed in
Section 3. For iron losses, (4.6) introduced in Section 4.1 is used, loss coefficients in
the equations are provided by machine cores manufacturer and depicted in Fig. 5-4.

Finally, mechanical loss are configured to be linear according to fit in Fig. 4-22.

After described simulation is run, obtained efficiency map is shown in Fig. 5-5
for the case of fully-magnetized magnets. If simulation is repeated for a MS of 75%,
experimental and simulation results can be compared. Fig. 5-6 contains simulated
and experimental data for w,=500 RPM. It can be noted from the image that the
simulations are not accurate enough to predict efficiency values within an accept-
able range. However, difference among magnetizing states and efficiency evolution
with torque values seems reasonably similar. For this reason, it is believed that the
discrepancy could be solved by considering correction coefficients.

This procedure primary flaw is the lack of defined experimental efficiency values
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Figure 5-5: Simulated efficiency map for 100% MS

across the whole torque range. Fitting curves can be used to solve this problem.

Based on the curve shapes found in Fig. 5-6, experimental data can be approxi-

mated with a Weibull distribution of the type in (5.1), where 7, stands for machine
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Figure 5-6: Measured and simulated efficiencies for changing load at w,=500 RPM

average torque and a, b, c¢,d and k are fitting parameters.

b d

npu%g(E)a'e(CTe)k (5.1)

An example of the fit is provided in Fig. 5-7 for experimental data measured at
100% MS and w,=500 RPM. Fits are computed for all experimental measures and the
ratio between real and FEA efficiencies is shown in Fig. 5-8. Apparently, FEA esti-
mation is more robust against velocity changes when magnetization is higher. These
values are introduced in previously computed efficiency maps in order to increase
their reliability (correction coefficients for speed values different from the ones in Fig.

4-24 are obtained by linear interpolation’?).

15This feature is implemented by default in JMAG-Software
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Figure 5-7: Fitting curve for experimental efficiency measures

5.1.3 Efficiency increase and energy savings

After the speed profile is defined and the efficiency map for the machine is available

for two different MS, attainable energy savings for a scaled case can be estimated.

At the current stage of the project, it is desired to operate the machine at constant
speed during the flight [38]'6.
This implies that machine operating point will move vertically on the efficiency map
(for a given angular speed), which can be exploited to maximize energy savings if

machine power and speed are known.

Angular speed found at machines propelling aircraft falls in the range of 0.8 and
1 pu, while developed power has two defined values of 0.5 and 1 pu according to the
profile in Fig. 5-2 [36][39]. This is incorporated in Fig. 5-9, in which dashed white
lines mark speed limits while solid blue lines represent power isolines. Top subfigure

represents machine efficiency curves for 100% MS, and bottom image accounts for

16 Aerodynamic drag and lift forces are affected by wing angle of attack , this enables the machine
to work at constant speed and torque while controlling aircraft speed.
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Figure 5-8: Correction ratio for different speeds and magnetization states

the ratio between 100% MS efficiency and 75% MS efficiency. It is used to determine

two machine operating points as follows:

e Takeoff: Obtained where nominal power isoline meets a maximum efficiency

contour at the MS 100% curve.

e Cruise: Previous step will determine rotational speed. Operating point for
cruise stage is found in the MS75% efficiency curve, where speed from previous

point meets 0.5 pu power isoline.

From the figure, it can be noted that the ratio between the two efficiencies is below
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Figure 5-9: Efficiency increase considering flight profile

1 for the entire P=0.5 pu isoline. The image can be used to conclude that a demagne-
tized machine is more efficient at lower torque values and high speeds. The difference
could be explained (among others) by flux amplitude dependency of iron losses. As
seen in Section 3, iron losses will be affected by flux density at every element. Since
the magnets are exhibiting a lower remanence, iron cores will show less losses.

Efficiency ratio takes a value of 92% in the selected point at the bottom of Fig. 5-9.

Then, 8% less losses will be present during cruise mode, which is the longest part of
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the flight. However, ratio among efficiencies will be further decreased during landing,
where power is reduced to an almost null value. Fig. 5-10 provides the time evolu-
tion of efficiency ratio when flight profile in 5-2 is considered. In the computation of
energy consumption, magnetization state manipulation has been neglected due to its

low value for the test machine [40].

A summary of the results is contained in Table 5.1, in which it is relevant to
remark that the results are provided for a low-power prototype. If the same results
were extrapolated to a higher power machine, considering an estimate of 50,000 short
flights per year [9] and an average energy price of 100.18 €/MWh [41], 230.94 € could
be saved yearly per machine kW. This figure yields economic savings in the order of
thousands of euros, obtained solely by a proper modification of machine magnetization

state.

MS Manipulation?

No Yes Difference
Average efficiency [%]  74.81 80.97 +6.16
Consumed energy [kWh] 1.095 1.012 -0.083

Table 5.1: Energy savings results

5.2 Machine prototype design optimization

To evaluate control strategies, loss models, MS manipulation schemes, or any other
relevant knowledge, a prototype electrical machine is needed. This part of the docu-
ment will cover its design stage. The design will be based on an existing prototype
shown in Fig. 4-16, whose parameters can be found in Table 4.1. New prototype will

modify some of its features to improve its performance and fix its issues.
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Figure 5-10: Energy savings for the simulated profile

5.2.1 Rotor design

The first issue with respect to the initial machine geometry is the existence of seg-
mented magnets, separated with a slot as shown in Fig. 5-11. Due to the variable-flux
nature of the machine, tests are usually performed at different temperatures, magne-
tization states or materials. This implies that magnets are frequently removed and
reinserted into the machine in between tests. The existence of these slots hardens

magnets manipulation and will therefore be removed as shown in the same figure.
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Additionally, live (chamfered) corners are also complicating magnet removal and will

thus be modified for next design.

First design

Barrier
]
Chamfered
Removed Second deSlgn

barrier M
-

Rounded
modified

corners

Figure 5-11: Rotor magnet slot modifications

Next modification involves an electromagnetic simulation at rated load. Note
from Fig. 4-16 that original design contains holes close to rotor shaft. These ma-
terial removal is justified to reduce loss and improve air circulating trough the core.
However it can be seen in Fig. 5-12 that the area around the holes shows little to no
flux density. This area is not contributing to the electromagnetic performance of the
machine, and is adding weight. In consequence, this holes will be enlarged following
flux lines to reduce machine weight as shown in Fig. 5-13, in which same simulation

has been launched.

Finally, any design modification has to be verified in a mechanical domain simula-
tion. It must be ensured that centrifugal forces do not cause an excessive deformation
on machine rotor. This criteria will be measured by means of Von Misses stress, which

must be kept below material maximum limit (240 MPa). Corner dimensions will be
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Figure 5-13: Flux lines around machine hole under rated load in modified design

selected to ensure they do not exceed this limit. Because centrifugal force causing the
deformation is dependent on angular speed, maximum yield stress is addressed at very
high rotating conditions. Results are shown in Fig. 5-14, in which special attention

is paid to the corners (most critical part). From the image, obtained maximum yield
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stress at 9500 RPM is 231.2 MPa, thus validating machine design modifications.
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Figure 5-14: Modified design mechanical verification for centrifugal forces at 9500
RPM

5.2.2 Magnet arrangement optimization

As explained in Section 3.4, parametric and topology optimization techniques can be
used to enhance machine design. Present section shows how this approach can help
to improve magnet arrangement in a variable-flux machine. While series and parallel
are most commonly cited magnet topologies in VF-PMSMs [20], present work aims
to find another possibility using topology optimization. Once that a suitable topol-

ogy is identified, a parametric optimization is run to further improve obtained design.

Starting point is the topology shown in Fig. 5-15, in which 40% of the magnet
slot is filled by NdFeB magnet, while the rest is occupied by AINiCob.

A Gaussian network is built to fill the design region as depicted in Fig. 5-16.
Distributions are programmed to intersect at half their radius (standard deviation),

this practice is reported to yield better optimization results [31].

The algorithm is run for 50 generations with a population size of 25. For the
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Figure 5-15: Input initial topology for the NGnet optimization

objective function, average torque and torque ripple are considered. The first function
will be maximized, while the second will be minimized.

Once the simulation is run, obtained results are the ones in Fig. 5-17, in which 4
generations in different stages of the optimization are shown. Note how dispersion

among individuals is reduced as generation number increases.

However, results face two inconveniences: obtained torque ripple is too high'”,
and manufacturing feasibility is not ensured for all results. To illustrate this last
challenge, consider the topologies in Fig. 5-18. Both belong to last generations and
have reasonably good results in terms of average torque and ripple. However only the
one in Fig. 5-18b is feasible in practice. In fact, the idea of having AINiCob5 on slot
sides, with NdFeB on the center is found on multiple cases among solutions. This
topology combines high average torque with low ripple and manufacturing feasibility.
For this reason, case in Fig. 5-18b is kept for the parametric optimization stage.

Reason to run a parametric optimization is related with MS manipulation. To
reduce computation time, previous simulation did not consider that the MS of the

magnets needs to be changed without excessive current. Since parametric optimiza-

1"This can be attributed to the selection of relative weight for each objective functions.
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Figure 5-16: Gaussian network in initial machine geometry

tion can be faster now topology is dictated by previous algorithm, MS manipulation
capability is covered following a parametric approach.

First step is to set design variables as depicted in Fig. 5-19. Then, multiple simulation
cases are configured, every new case will modify these parameters, and evaluate ma-
chine design in terms of average torque, torque ripple, and remagnetization capability.

This last aspect is quantified as follows:

e Machine initial MS is reduced by setting AINiCob magnets as demagnetized.

Their initial remanence is 30% of their nominal value.

e BEMF in this situation is measured, its fundamental component is computed

and denoted by vipitial-

A short remagnetizing iy pulse of 6 pu (66 A) is commanded

e BEMF is measured again and its fundamental component is denoted by vfina

Remagnetization capability is given by:

AMS% _ Vfinal — Vinitial (52)

Vinitial
The workflow is illustrated in Fig. 5-20. In which two separate simulations are
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Optimization results
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Figure 5-17: Topology optimization results for different generations

identified, first one is performed at rated load to evaluate torque and second one is
performed under no load to estimate MS with BEMF.

Previous procedure yields the results in Fig. 5-21, from which several conclusions
can be extracted. Increasing AINiCob on slot sides (/,,,) has a negative impact on av-
erage torque, because rare-earth magnet content of the machine is decreased. On the
contrary, this modification improves remagnetization capability, as low-coercitivity
magnet content is augmented. Also, note how the intersection between remagneti-
zation capability and average torque occurs at lower torque values as NdFeB on slot
center (h,,) is increased. Torque ripple seems to exhibit a cyclic pattern, in which a
clear monotony can not be identified. However, local minimums are present for spe-
cific values of [,,,. This minimums seem to be located close to the intersection between
average torque and remagnetization capability. From this analysis, highlighted case
in the image is selected, since it coincides with a local minimum on torque ripple, and

the leftmost intersection between average torque and remagnetization capability.

Torque output for both the initial and the optimized design is compared in Fig.
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(a) Not feasible

(b) Feasible

Figure 5-18: Some obtained topologies after NGnet optimization

5-22, in which the machines have been fed with rated current at their quadrature
axis. Average torque has been increased from 9.01 Nm to 9.44 Nm and ripple has
been reduced from 13.47% to 9.40%. In sight of previous figures, the optimization

can be concluded as beneficial in terms of torque performance.

Finally, it must be verified that the machine can be demagnetized and remagne-
tized with short current pulses that do not take excessive values. This situation is
illustrated in Fig. 5-23, in which a demagnetizing pulse of 3 pu is followed by a re-
magnetizing pulse of 6 pu. The image shows induced BEMF at nominal speed under

no load. Fundamental component before the pulses is taken as 100% MS. After the
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Figure 5-19: Parametric definition of optimized topology
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Figure 5-20: Workflow for described parametric optimization

first pulse, machine MS is effectively reduced to 65% MS. When the remagnetizing
pulse is injected, machine MS is brought back to 100% MS, thus validating the design

in terms of MS manipulation.
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Figure 5-21: Obtained results after parametric sweep
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Time domain
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Figure 5-22: Torque comparison among machine designs
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Chapter 6

Conclusions and future work

This chapter summarizes the conclusions obtained during the present master thesis.

Additionally, future work to be developed will be proposed.

6.1 Conclusions

This work is part of a project aiming to study VF-PMSM adoption into aircraft

applications. Its objectives were previously listed and can be summarised as:

e Comprehend VF-PMSM peculiarities against conventional permanent magnet

machines
e Explore design optimization techniques and incorporate them into prototypes

e Understand power loss production mechanisms, as well as permanent magnet

materials behaviour using both simulations and experimental data

e Use all previous information to research on potential impact of VF-PMSM on

aircraft applications
After the completion of the work, several experiments were performed:
e Permanent magnet experimental characterization

e Iron loss measurement in known topology
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e Machine efficiency measurement at different magnetization levels

Obtained data is then considered to feed simulation models. Then, these models have
been used to address VF-PMSM impact in aircraft applications. Preliminary results
show that average efficiency over a flight profile can be increased by 6.16% only due
to MS manipulation, reducing energy consumption by 7.5%.

Additionally, finite-element software was used to improve an existing machine proto-
type, which is currently under development. Magnet behaviour was experimentally
obtained and used to propose an optimized arrangement, showing an average torque
increase of 5% and a ripple reduction of 30.21%.

Finally, a functional back-to-back converter was developed, enabling control of future

prototypes inside a test bench.

6.2 Future work

After developed work, main objective is to complete the construction of test bench
described in Fig. 2-1. This test bench will drive optimized machine design once

constructed, and will be used in the future to evaluate:
e Machine efficiency as a function of magnetization level
e Detailed adjustment of simulation results
e Nature of machine power losses
e Different magnet arrangement topologies and MS estimation strategies

e Advanced control techniques: selective harmonic elimination, loss reduction,

MS manipulation methods
e Extrapolation capabilities between test bench results and application results

e VF-PMSM design methodologies, using test bench results to develop higher

power rating prototypes.
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