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"Let the future tell the truth,
and evaluate each one
according to his work and
accomplishments. The
present is theirs; the future,
for which I have really
worked, 1s mine. "

[Nikola Tesla/



Summary

In the automotive world new technologies are entering the market with great potentialities
of becoming the future dominant design. These technologies are based on electric traction
system cooperating or not with classic combustion engine. In this innovation phase, it
is fundamental to fill the gap between old technologies with new ones. For this reason
new components and features have to be introduced in the future traction system. In this
case study an innovative electromechanical actuator for safety purpose is proposed to be
added in the electric traction system in order to improve it. It needs specific conditions to
be actuated which are monitored through electrical machine parameters. This innovative
actuator will not be analysed, while the whole electric traction system and its relation
with it will be treated. This thesis has different aims that comprehend all the aspects of
the previously cited system.

The first aim is to develop a complete model of the electric traction of a pure electric
vehicle or hybrid electric vehicle in a simulation environment. This electric traction is
composed by typical elements as storage system, converter and electrical machine. The
storage system is not strictly defined and a battery is preliminary chosen. The selected
converter is a three-phase inverter, in specific a two-level inverter. The electric machine is
a PMASR motor with high performance and it could work really near to its limits. In ad-
dition to these, the mechanical load is also considered in order to simulate the mechanical
dynamic too. The chosen simulation environment is Simulink in which every components
have been modelled with pre-existing block or ad hoc generated one.

The second aim is to analyse the control method for the electric motor and generate it
in the specific programming language. The control method employed is the Direct Flux
Vector Control, which is greatly suitable for an automotive electric motor since it is ad-
vantageous in flux-weakening operations.

The third aim is to generate a secondary motor control that is active when a safety action
of the innovative electromechanical actuator is required. The complete shut-down of the
inverter and the electrical machine is necessary to allow the actuator operate. This task
is performed by the secondary motor control through a sequence of precise actions. Spe-
cific conditions, such as magnet temperature below limits and complete shut-down of the
inverter and electrical machine, have to be monitored in order to trigger when necessary
the actuator.

The fourth aim of this thesis is to analyse the different method employed to monitor
these conditions, thus find out a procedure to estimate the parameters of interest. These
quantities are the magnet temperature for safety issue and the magnet back-emf for the
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Uncontrolled Generation, which lead to the unsuccessful shut-down of the electrical sys-
tem.

The system generated in the simulation environments is tested in comparison to a model
developed in another simulation tool (PLECS), highlighting its validity. Further step
will be testing it in comparison to the real electric traction system when it will be built.
Furthermore the implemented control method for the motor, both the principal and the
secondary one, are tested in simulation environment and results are provided, showing
their suitability and validity. A procedure to estimate the magnet temperature is devel-
oped and promising results are shown due to a maximum absolute error of nearly 5 K in
particular system state. The magnet back-emf is estimated as a direct consequence of the
magnet temperature. These results are the basis for further developments and improve-
ments of this estimation method, which should be tested in the real traction system.
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Chapter 1

Introduction

In recent years a new design is entered into the vehicle market, becoming a great promise
of change the mobility world. This new design is based on the electric traction system,
complementing the traditional combustion engine in Hybrid Electric Vehicle (HEV) or
constituting the only traction system in Electric Vehicle (E'V). The electric mobility,
namely e-mobility, is constantly growing over the past few years. The evidence of this
can be found in the market interest for this new technology. In 2018, the whole electric
vehicle number is higher than 5.1 million, up 2 million from the previous year and almost
doubling the number of new electric vehicle registrations [1|. The trend of HEV and EV
is shown by McKinsey& Company [2] until 2017 in Fig. 1.1:

. Plug-in hybrid-electric vehicle . Battery-electric vehicle

+57%

1,200000

800000

400000

+162%

+659%

2010 2011 2012 2013 2014 2015 2016 2017

Figure 1.1: Global electric vehicle sales trend from 2010 to 2017

These new technologies are also becoming so important thank to the necessity of reducing
pollutant emissions, pushed by new policies at European and International level.
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Introduction

Many vehicle manufacturers have put a considerable effort in investing in these technolo-
gies. They are ripping up their business models and their factories are being overhauled
to next generation of production. The Volkswagen group is spending €30 billion over
the next five years to make an electric or hybrid version of every vehicle in its lineup [3].
Toyota, a pioneer in the electric traction, will invest €2 billion over the next four years
to develop electric vehicles in Indonesia [4]. The future of automotive is clearly pushed in
the electric direction.

Nonetheless there is still room of improvement for e-mobility, it is a growing technology:
it is just at the early adopters phase in the Moore’s segmentation. There is a struggling
standard war ongoing and the dominant design has not come out yet. New features and
components are being introduced in order to win this war. For this reason an innovative
electrical drive for electrical vehicles is analysed in this thesis. This innovation is proposed
by a company, thus it is protected by confidentiality issue and will be treated limitedly
in the thesis. The main elements of this innovative electrical drive are an electric trac-
tion system and an innovative electromechanical actuator. The electric traction system is
composed by a storage system, a converter and an electrical machine (example reported
in Fig. 1.2 [5]). The latter is a highly performing machine, thus it could operate nearly
to its limits. For this reason the innovative electromechanical actuator is proposed: it has
safety purposes that lead to avoid the electrical traction system failure.

Tesla Roadster 2020 T

High voltage battery pack

Front Electric Motor with
integrated power electronics

Two rear Electric Motors with
integrated power electronics

Figure 1.2: Example of electric traction system in the Tesla roadster 2020

The whole system is under development and it has not produced yet, therefore it is
analysed only in a simulation environment. The electrical traction system will be analysed
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Introduction

with its interaction with the innovative actuator, while this last will not be treated in this
thesis. In specific:

e the electric traction system is modelled in the simulation software Simulink in all
its components with the addition of the mechanical load (Chapter 2);

e the motor control is developed and tested in the simulation environment (Chapter
3);

e the motor control when the electromechanical actuator must operate is developed
and tested in the simulation environment (Chapter 4);

e the estimation of the quantities necessary to trigger the operation of the innovative
actuator are analysed and a method is tested in the simulation environment (Chapter
5).



Chapter 2

Modelling of the system under study

The aim of this chapter is to show and analyse the model of the whole system generated for
the simulation. As previously mentioned, the under analysis system is a typical traction
system with the addition of the electromechanical actuator, thus its main elements are:

e Storage system (described in section 2.1)
e Converter (described in section 2.2)
e Electrical machine (described in section 2.3)

e Mechanical load (described in section 2.4)



Modelling of the system under study

2.1 Storage system model

The technology of storage system for this electric vehicle is not strictly defined and for this
reason a battery is preliminary selected. A battery consists of one or more electrochemical
cells, which transform stored chemical energy directly into electrical energy [6]. The
voltage generated at the battery terminals is proportional to its SOC. In order to model
it, there is the possibility to utilise the battery block or the controlled voltage source one,
to which the voltage is provided as a function of SOC.

2.1.1 Battery

This block emulates a simple battery as a voltage source and an internal resistor in series,
with the chance of customizing different aspects:

— Charge capacity;

Battery fade;
— Thermal effects;

— Charge dynamics.
The symbol of this block is:

.
by

Figure 2.1: Simulink symbol for the Battery block

The first possible customization is to impose an infinite or a finite charge capacity. In the
first case the battery has always the same voltage, while in the second one it depends on
the battery SOC with the following law:

V=V0< SoC >

1-B(1—S50C) (2.1)

where Vp is the battery voltage when it is fully charged at no load and is a constant,
evaluated in a way that the battery voltage is V1 when the charge is AH1. These two
last parameters have to be provided by the user in the block mask.

The second customisation allows the user to implement a fade behaviour that consist
in a battery performance worsening directly proportional to charge-discharge cycles. This

5



Modelling of the system under study

deterioration changes some internal battery parameters with a multiplier evaluated for
each of them. This parameters are V1 and AHI, mentioned above, and the internal
resistance. The multipliers are respectively obtained as:

)\Vl =1- k‘l N0'5
Aamt =1+ ky N°° (2.2)
Aro=1—Fks N

where N is the number of discharge cycles completed and ki, k2 and ks are user-defined
coefficients.

The third customization introduces the temperature in the evaluation of the Vg (eq. 2.1)
and of the internal resistance with the following laws:

Vor = Vo[l + Av(T — T1)]

Ry = R[1 + Ar(T — T1)] (23)

where Ay and Ag are obtained from V;; and R at a given second temperature. The tem-
perature is evaluated dividing all the ohmic losses with a battery thermal mass, defined
by the user.

The last customization introduces a dynamic in the charge and discharge process, adding
in series to the battery a resistor in parallel to a capacitor. It is possible to specify the
type of dynamic: from one time-constant to five time-constants, respectively from one
RC section to five RC' sections in series.

2.1.2 Controlled Voltage Source

This block simulates an ideal voltage source that is powerful enough to maintain the
requested voltage at its output regardless of the current following through it [7]. The
symbol of this block is:

[+
A F
Figure 2.2: Simulink symbol for the Controlled Voltage Source block

The requested voltage is given as Simulink signal to the signal port of the block, therefore
it is possible to change it as necessary. In the case of Lithium-Ilon cell, in specific the
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Modelling of the system under study

DowKokam XALTT™ 75 Ah High power, the relation between the voltage and the battery
capacity is:

B Charge: CC-CV, 1.0C, 4.2V, 0.05C cut-off @ 23°C+3°C
M Discharge: CC, 0.5 ~ 6.0C, 2.7V cut-off @ 23°C+3°C

Figure 2.3: Relation between the voltage and the battery capacity for the DowKokam
XALT™™ 75 Ah High power

Furthermore, if there will be the necessity to emulate a real battery behaviour, a resistor
and an inductor can be added in series to it or a parameter that models the battery fade
can be taken into account in the previously shown relations.

2.1.3 Block selection

Starting from the premise that the simulations will be shorter than the battery dynamic,
the two possible alternatives are considered equivalent for the actual necessities. The
differences will be highlighted when longer simulations will be required. The main dis-
tinction is in the way the voltage is given as function of the SOC, temperature and fade.
The Battery block has less degrees of freedom than the Controlled Voltage Source one,
for example the discharge law is strictly defined in the block. Furthermore the last block
can model not only a battery but every type of storage system, changing the voltage law
as desired.



Modelling of the system under study

2.2 Converter model

The converter chosen for the system under analysis is a three-phase inverter. It is a two
levels inverter based on IGBT-technologies. It has the following functional scheme:

0

B

D, Qj B

)
/1
=

—s .

> ZSDZQJ

D, Us
N

Figure 2.4: Scheme of a two level three-phase inverter

This type of inverter has three legs, one for each phase. Every leg is constituted by
two canonic cells, in turn each cell is constituted by an IGBT and a free-wheeling diode.
Every IGBT is controlled by a command Q(t), which is obtained by a PWM technique.
This technique consist in the comparison between a triangular carrier ¢r(t) and a signal
called duty cycle d(t), done for each phase. The triangular carrier is symmetrical and its
absolute maximum value |V;,| is equal to one, as shown in Fig. 2.5 in blue.

Figure 2.5: Comparison between the triangular carrier and duty cycle
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Modelling of the system under study

When the triangular carrier is higher than the duty cycle the command Q(t) is equal to
zero, while it is equal to one when the duty cycle is higher than the carrier. Three duty
cycles are generated, one for each phase, thus three commands Q(t) are generated for the
high-side IGBT and the commands for the low-side ones are equal to the negative of the
respective high-side one commands.

Utilising a zero-sequence voltage injection, the duty cycle is evaluated for each phase as

follows:

dy = 1 L 103n + Virax
2 Vpo 2 Voo
1 vk 1v*. + vk
dp = = B - "min MAX 2.4
B30 T2 oo (2.4)
de :1+ e 1un, +Vyax
2 Vpo 2 Voo

Where
e Vpe is the voltage of the DC-link capacitor;

e v}, vp and v, are the reference voltage for each phase, namely the desired output
voltage;

*

e vy . and vy, 4x are respectively the minimum and the maximum reference voltage.

The output moving average voltage are equivalent to:
1
va=g VDC(QdA —dp — dc)
v = %VDC(ZdB —dy —dg) (2.5)
ve = 3 Voo (2dc — da — dp)
In order to model this inverter, there are two possibilities for the simulation tool employed:
e IGBT

e Converter

2.2.1 IGBT

The IGBT block simulates an insulated gate bipolar transistor with two electrical ports
(collector and emitter) and a command port (gate). The symbol of this block is:
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>

Figure 2.6: Simulink symbol for the IGBT block

A voltage is applied to the command port: if it is higher than a threshold (adjustable
by the user) the IGBT moves to an ON-state, otherwise it stay in a state of interdiction
(OFF-state), following these equations [8]:

i
HEIE OFFSTATE

Gradient 1/R,, --

" Gradient Gy

" Gradient Guy
Figure 2.7: Current-Voltage curves of the IGBT

if (v>VIE) && (G>Vth)

i == (v — Vf*x (1-Ron*Goff)) /Ron;
else

i == v«+Goff;
end
where

— Vy is the forward voltage, from which the IGBT, if it is in ON-state, starts conduct-
ing;

— Ropn is the ON-state resistance, which is the slope of the curve in the current-voltage
plane when the IGBT is conducting;

— G,y is the OFF-state conductance, which is the slope of the curve in the current-
voltage plane when the IGBT is not conducting, both in ON-state and OFF-state.

10
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This block has also the possibility to insert a free-wheeling diode, called "protection diode"
by Simulink, whose parameters can be customize by the user. These parameters are of
the same typology of the IGBT with the same properties.

In order to model the converter under study six IGBT blocks are necessary with the
respective protection diode enabled.

2.2.2 Converter

The Converter (Three-Phase) block models a three-arm converter circuit that connects a
three-phase AC network to a DC network [9]. The symbol of this block is:

- Ge
o+ ‘ |
\ | qo

Figure 2.8: Simulink symbol for the Converter block

There is the possibility to customize the type of semiconductor switch and to add also the
protection diode. Therefore, choosing IGBT with protection diode, the equivalent electric
scheme of this block will be exactly equal to the one needed (Fig. 2.4) a part from the
DC-link capacitor. In this case an additional block is necessary to give the gate command
to the command port G: the Six-Pulse Gate Multiplexer block. This block multiplex the
six gate signals into a single vector.

2.2.3 Block selection and evaluation

The two possible solutions are evaluated in order to find out the best suitable. A test to
compare the two blocks has been done with the following conditions:

e Vpo equal to 300 V;

e ideal IGBT;

e three-phase load composed by a resistor R = 202 and an inductor L = 1mH
e three-phase reference voltage of amplitude 150 V and frequency of 50 Hz.

The three-phase currents obtained in the test are:

11
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ia [A]

ib [A]
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-8

—IGBT
—Converter

-10
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Time [s]

Figure 2.9: Current of phase a in the inverter test
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Time [s]
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Figure 2.10: Current of phase b in the inverter test
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ic [A]

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]
Figure 2.11: Current of phase c in the inverter test
T
—Converter
8

1 1 1 1 1 1 | 1 1
0.0646 0.0647 0.0648 0.0649 0.065 0.0651 0.0652 0.0653 0.0654
Time [s]

Figure 2.12: Detail of current of phase a in the inverter test

As it is possible to notice, they are exactly the same thus there is not difference between
the two blocks. The only discriminating factor is the possibility to explore the inverter
scheme with the IGBT block, therefore it offers the chance to test different situations,
such as the short-circuit of one IGBT.

13
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2.3 Electrical machine model

The electrical machine considered in the system under analysis is a PMASR motor. This
synchronous motor consists of a three-phase wounded stator and an anisotropic rotor with
permanent magnet (represented in black in figure 2.13) inserted in it.

Figure 2.13: Transversal section of a PMASR motor

Taking into account the reference axes joined to the rotor (dg axes), the minimum reluc-
tance path is headed towards the d axis and the permanent magnet flux counteracts the
g flux, thus it is directed along the negative direction of the ¢ axis. Therefore the torque
generated is constituted by a reluctance component and a permanent magnet component.
The equation of the machine in dg frame are:

d\
Vg = Rigq + qu +Jw Ay (2.6)
)‘dq = [qu] idq + Ay (2.7)

which can be written as:

{vd:Rsid-i-CZ\f—w)\q (2.8)

o d)
Uq—RSZq—FW-Fw)\d

= S+ 2.9
[AJ {qu Lqq] |iq —Am (29
As it is possible to notice, the current of d-axis influences the flux of g-axis and the cur-

rent of g-axis influences the flux of d-axis, leading to nonlinear magnetic behaviour. This
phenomenon is called cross-saturation and it is typical of this kind of motor.

14
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The torque is evaluated as:

3 . N
T = ip(/\d(zd;zq) g — Ag(id;iq) ia) (2.10)

Since the two components of magnetic flux are generated by both currents, due to the
cross saturation phenomenon previously cited, the torque expression is not possible to be
simplified any more.

Therefore, in order to model this type of motor, the alternatives offered by the simulation
tool (Simulink) are different and depend on the necessities of the case study. The selected
options for this case are:

e FEM-Parameterized PMSM
e Hybrid Excitation PMSM

e Simscape component and Controlled Voltage Source

This three possibilities will be analysed in order to find out the most suitable for the case
under study.

2.3.1 FEM-Parameterized PMSM

The FEM-Parameterized PMSM block implements a model of a permanent magnet syn-
chronous motor (PMSM) defined in terms of magnetic flux linkage [10]. The symbol of
this block is:

CE]
o)
e

o0

Ro

Cno

Figure 2.14: Simulink symbol for the FEM-Parameterized PMSM

The input parameters of this block are the flux maps given as a parametrization of currents
and rotor angle. Therefore the flux linkages vary depending on the current level and rotor
position, allowing also the modelling of non-linear behaviour. It is also possible to insert
parameters to evaluate iron losses and mechanical behaviour, indeed it has two mechanical
rotational ports. Moreover, there is the opportunity to add the thermal behaviour in order
to analyse the temperature evolution of each stator winding. This block permits the user
to choose among four different type of parametrization, which differ from the memory
requirements and computational effort.

15
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2-D partial derivative data

This parametrization has two options to model the machine behaviour:

e Constant mutual inductance - the flux linkage of each phase winding is consid-
ered to be linearly dependent from all the other phase currents through the defined
constant mutual inductance, while it depends in a nonlinear way on the same phase
current, as it is shown in 2.11.

Aa 0 —M, —M,] [ia Aalia, 0r)
M| =|-M, 0 M| |iy| + | A(ip, 6 — 27/3N) (2.11)
Ae M, —M, 0 | |ic Ac(ic, 0r — 47 /3N)

As input data of the block, the partial derivatives of flux linkage with respect to
current and rotor angle have to be provided.

¢ Sinusoidal back-emf - the flux linkage of each phase winding is considered to be
nonlinearly dependent on all the phase currents and permanent magnet flux linkage
is assumed sinusoidal and dependent on phase currents, as it is shown in 2.12.

B\ﬂ B [Ld(id’iq) Lq(id,iq)} [zﬂ + [/\M(id’iq)} (2.12)

As input data of the block, the inductance in d-axis and ¢-axis and the permanent
magnet flux linkage, all mapped in function of dg-axes currents, have to be provided.

3-D partial derivative data

This parametrization is based on the nonlinear dependence of each phase winding flux
linkage with respect on direct and quadrature current (neglecting the zero sequence cur-
rent) and rotor angle, as shown in 2.13.

)\a Aa(icbiqa 07‘)
Mo | = | My iq, 0y — 27 /3N) (2.13)
Al [Nelia,ig, 6y — 4 /3N)

As input data of the block, the direct and quadrature current and rotor angle maps, the
partial derivative of phase-a flux linkage with respect to abc current and rotor angle have
to be provided. The block uses Park transform to map the three stator winding currents
to direct and quadrature currents [10].

4-D partial derivative data

This parametrization is based on the same hypothesis of the previous one, indeed the
employed equation are the ones shown in 2.13. The difference consist of the input data that
have to be provided: the abc-phase current and rotor angle maps, the partial derivative of
phase-a flux linkage with respect to abc current and rotor angle. In this parametrization
Park transform are not utilized.

16
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3-D flux linkage data

This parametrization works directly with flux linkages without having to calculate partial
derivatives. There are four different possibilities to provide input data:

e dg-axes flux linkages as a function of dg-axes currents and rotor angle;

e dg-axes flux linkages as a function of total current module and phase and rotor
angle;

e g-phase flux linkages as a function of dg-axes currents and rotor angle;

e g-phase flux linkages as a function of total current module and phase and rotor
angle.

The last two options are based on the hypothesis of having the b and ¢ flux equal to the
a flux shifted in phase.

2.3.2 Hybrid Excitation PMSM

The Hybrid Excitation PMSM block represents a hybrid excitation synchronous machine
with a three-phase wye-wound stator. Permanent magnets and excitation windings pro-
vide the machine excitation [11]. The symbol of this block is:

Figure 2.15: Simulink symbol for the Hybrid Excitation PMSM

The equations that are followed by this model are:

A
dt
Va Ry 0 07 [ia
w| =10 Rs O | + % (2.14)
Ve 0 0 R i dt
A,
L dt 4
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)\a Laa Lab Lac iq )\aM Lamf iq
M| = [ Lva Loy Lpe | + [ dear | + Lamf ip (2.15)
)\c Lca ch Lcc ic >\cJ\/[ Lamf ie

As it is possible to notice, there are two source of excitation: permanent magnet and
rotor windings, which can be used both together to create the rotor magnetic field. All
the parameters visible in the equations can be given as input, although they are not
variable during the simulation unless a Matlab script is run in parallel with it. Moreover,
it 1s possible to add mechanical parameters to analyse the mechanical behaviour, indeed
two rotational ports are provided.

2.3.3 Simscape component and Controlled Voltage Source

In this case a pre-built Simscape block is not used, while two Simulink blocks are employed
to emulate the behaviour of an electrical machine. For this purpose some manipulation
to the machine equations are necessaries. Starting from 2.6, the flux derivative can be
written as:

dAag _ Oy digg 216)
At~ igy di '

where the partial derivative of flux with respect to current is defined as incremental
inductance, thus generating an incremental inductance tensor:

0Ag 0Ag W Oy
Lyg = — Ly, = —— Lyg=——+ Lyg = — 2.17
W Dig % Bi, “ Dig “ iy (2.17)
, _ |Laqa Laqg
[LGc,dq} — |:qu qu (2 . 18)
This incremental inductances vary with the working point according to currents.
Therefore, the equation 2.6 can be written as:
. didq
Vyg = Rigq + [me,dq] g + Jw Adq (2.19)
The rotational transform is applied in order to write the equation 2.19 in af-axes:
. dig
Vyq - A(—Q) = A(—Q) - R 1dq T A(—Q) . [Linc,dq] th + A(—H) Jw Adq (2.20)
. didq
Vag = Rstap + A(—0) - [Linc,dg) o + A(—0) - JwAgq (2.21)
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Considering only the second term, characterized by the current derivative, it can be trans-
formed in:

A(=0) - [Linc.aq) %idq = A(=0) - [Linc.dq] %(A(Q) Ciag) = o)

= A(~6) - [Linead - AO) oo+ A6) - Linea] 5 (A@)ias

The first part is equivalent to the tensor of incremental inductance in afS-axes, as shown
in 2.23.
[Linc,oz,@} = A(_G) : [Linc,dq] : A(Q) (223)

Each component of this tensor can be calculated as:

L I g v ] B i B et A D

loa = Laa cos®(0) + Lyg sin?(0) — 2 Ly, cos(0)sin()
log = Lag (cos*(0) — sin®(0)) + Laa cos(0)sin(6) — Lgq cos(8)sin(6) (2.25)

lgg = Lgqcos*(0) + Lag sin®(0) + 2 Ly, cos(6)sin(6)

Taking into account that:

c0s(20) = cos?(0) — sin®(0) = 1 — 2sin*(A) = 2cos*(A) — 1
(2.26)
sin(260) = 2cos(6)sin(0)

Substituting in 2.25, the tensor of incremental inductances in af-axes can be written
as:

Lavg + LA cos(20) — Lgq sin(26) Lgq cos(20) + La sin(20)
[Linc,aﬁ] = (227)
Lgq cos(20) + La sin(20) Lavg — L c0s(20) 4 Lgq sin(20)

2 2
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Returning back to 2.22, the second term can be evaluated calculating the derivative of
the rotational transform matrix:

d B sin(0) —cos(0)
%(A(e)) - |:COS(9) sin(0) ] (2.29)

where w is the electrical rotational speed.

sin(f) —cos(0)

AC=0) [Linen) 5 (A0)) b = AC0) - L] (-0) 1000 e i (230

Considering that i,3 = A(6)i44, it is possible to write 2.30 as:

Al o [0 ][40 0]

(2.31)
Therefore, the stator equation in af-axes are written as:
Vag = Rstap + [Lincapl == + A(=0) - [Lincaq] (= w)Jiag + A(=0) - JwXag = (2.3
2.32
. diq .
= Ryiap + [Lincasl — + A(=0) - [[Lincaq) (—w) Téag +J w Xag]

The last term in brackets is equivalent to the electromotive force in dg-axes, which, mul-
tiplied for the rotational transform A(—6), is equal to the electromotive force in a/3-axes:

€ns = A(-0) - [[me’dq} (— w)Jidq + Jw Adq] (2.33)

die,

Vo = Reiap + [Line.os] dtﬁ +eas (2.34)

In order to transform equation 2.34 in abc frame, the inverse Park transform [T]7! is

applied:

dio

[Tr1 Vo = Rs [T]’l “tap t [T]*l “[Line,ap) d

+ [T eas (2.35)
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Consequently, the equation 2.35 is equal to:

diog

Vabe = Rs iabc + [T]il : [me,cxﬁ] W + €abe (236)
Taking in account that ¢,3 = [T] - %4 and the Park transform is time-independent,
the previous equation can be written as:
. —1 digpe
Vabe = Rs Lape + [T] ' [Linc,aﬁ] : [T} dt + €qbe (237)
where
laa lab lac
Labc = lba lbb lbc - [T]il . [Linc,aﬁ] : [T] (238)
lca lcb lcc

In order to evaluate this product among matrices the tensor of incremental inductances in
af-axes must have three rows and three columns, thus one row and one column of zeros
have been added to it. Therefore, the terms of the tensor of incremental inductances are
equivalent to:

laa = = laa

3
lab = lba = laa + \/§lo¢ﬂ
ir -
lac = lca =3 loza - \/glaﬁ
3 L -

(2.39)
1{lga 3
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Moreover, it is possible to add the contribution of leakage inductances to the equation
2.37, obtaining:

. digp digp
Vabe = Rs Tabe T Los% + [Linc,abc]ﬁ + €abe (240)

In contrast to the tensor of incremental inductances, the leakage inductances are not vari-
able.

Considering the equation 2.40, the equivalent circuit for the electric machine is the fol-
lowing:

Vabc

°i—>—’\/\/\/—’mf\ N
abc RS Lls [Linc,abc] €abe

Figure 2.16: Equivalent circuit for the electric machine

This circuit is an electric equivalent of the electrical machine, thus mechanical behaviour
is not considered. For this reason the torque is evaluated through equation 2.10, utilising
fluxes coming from LUT and currents measured. This value will be integrated in the
mechanical load model (section 2.4).

In order to replicate this circuit (Fig. 2.16) in Simscape-Simulink, two blocks are neces-
sary:

e Three-phase controlled voltage source;
e Simscape component.

The first one is necessary to model the back-emf in abc-frame, while the second one
is employed to model the stator resistances, the leakage inductances and the matrix of
incremental inductances in abe-frame.

Three-phase Controlled Voltage Source

The Controlled Voltage Source (Three-Phase) block represents an ideal three-phase volt-
age source that maintains the specified voltage regardless of the current through it [12].
The symbol of this block is:
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Figure 2.17: Simulink symbol for the Three-phase Controlled Voltage Source block

Furthermore, it is a controlled source, thus it maintains the voltage given as input in
the logic port S. For this reason it has been chosen in order to model the back-emf in
abe-frame, because the latter is a variable voltage source depending on currents, fluxes
and speed. Therefore, fluxes in dg-axes are evaluated through a LUT, in which the inputs
are currents in dg-axes, then equation 2.33 is applied and finally the Park transform is
employed to obtain the needed results. These values are given as an input vector to the
Simulink block.

Simscape component

The Simscape Component block lets the user generate a Simscape block directly from a
textual component file, skipping the library build process [13]. The symbol of this block
is:

.SSC
Unspecified

Figure 2.18: Simulink symbol for the Simscape component block

As it is possible to notice, it has no specification because a component file has not de-
ployed in it yet. In order to do this, a file with the .ssc has to be created and filled with
the code necessary to make the block follow the desired behaviour. In this case, this block
is utilized to model the stator resistor, the leakage stator inductor and the matrix of in-
cremental inductances. The first two elements can be model using standard blocks, while
for the third one there is not a suitable block. This block should behave as a three-phase
inductor, with auto and mutual coupling, and there should be the possibility to give as
input the inductance values because they are variable with currents. Because of this, a
personal code has been developed to simulate this behaviour and inserted in the Simscape
component. This code is divided in different parts that perform different tasks:
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1. Definition of nodes:

nodes
pa_in = foundation.electrical.electrical;
pb_in = foundation.electrical.electrical;
pc_in = foundation.electrical.electrical;
pa_out = foundation.electrical.electrical;
pb_out = foundation.electrical.electrical;
pc_out = foundation.electrical.electrical;

end

In this section the input and output nodes are defined. All of these nodes are defined as
electrical ones in order to be connected to other Simscape blocks of the same type. Since
it is a three-phase element there are three input nodes and three output ones. The final
comments in green are still part of the code and they are used to place physically the
nodes on the block mask.

2. Definition of inputs:

L={[00O0O0O0O0OO0OGO0OTQ 01,"H"};
Ldisp = {0, "H'};
R = {0, 'Ohm’};

end

In this part the variables that are given as logic input are defined. The logic input is
a port as the electrical one but it is employed to insert in the block the parameter neces-
sary for equations. Firstly, the tensor of inductances is defined and it is given as a vector
of nine elements, which will be evaluated through the equations 2.17, 2.27 and 2.39. Then
the leakage inductance and the resistance are defined as single values. Moreover the initial
value and the unit of measurement are defined for every inputs. Again the final comments
in green are used to place physically the input logic ports

3. Definition of variables:

variables
ia = {0, "A’"};
ib = {0, "A"};
ic = {0, "A"};
va = {0, '"V'};
vb = {0, 'V'};
ve = {0, '"V'};

end
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In this section the variables used in the equations inside the block are defined. They
are the currents flowing through the three branches and the voltage drops across the
three elements modelled. There is the possibility to define their unit of measurement and
set, their initial values through the block mask.

4. Definition of branches:

branches
ia : pa_in.i —-> pa_out.i;

ib : pb_in.i -> pb_out.ij;

ic : pc_in.i -> pc_out.i;
end
In this portion of code the path of currents is defined. In this case there are not partic-
ular necessities thus every phase current flows from the own input node to the respective

output one.

5.  Definition of equations:

equations
va == pa_in.v - pa_out.v;
vb == pb_in.v - pb_out.v;
vc == pc_in.v - pc_out.v;
va == L(l)xia.der + L(2)+xib.der + L(3)*ic.der + Ldispxia.der +
+ R*ia;
vb == L(4)xia.der + L(5)+rib.der + L(6)*ic.der + Ldispxib.der +
+ R*1ib;
ve == L(7)xia.der + L(8)xib.der + L(9)*ic.der + Ldispxic.der +
+ Rxic;
end

In this final part the equation that regulate the block behaviour are defined. As it is
possible to notice they are based on 2.37 equation.

The final aspect of the block Simscape component, after having deployed the personal
code in it, is the following:
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Figure 2.19: Simulink symbol for the personalised Simscape component block

2.3.4 Block selection and evaluation

Starting from the three possibilities suitable to model the electric machine, one of these has
been chosen for the model. The Three-phase Controlled Voltage Source in combination
with the personalised Simscape Component is chosen. The reason of this choice can be
found in:

e great simplicity of the model,;
e best suitability for the case under analysis;
e possibility to control the machine parameter directly in Simulink.

In order to evaluate this built model, it has been compared to an equal and tested model
built in another simulation tool: PLECS. It has been done a comparison test using the
same flux maps for the two simulation tools. The test conditions are the following:

e short-circuit of the stator;

e speed increasing with a ramp of slope 5000 rad/s?;
e stator resistance equal to 1;

e stator leakage inductance equal to 0.001 mH.

The currents obtained are the following:
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Figure 2.20: Current of phase a in the motor test
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Figure 2.21: Current of phase b in the motor test
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Figure 2.22: Current of phase c in the motor test

The results obtained are in line with the expected one: the unique voltage source is
the back-emf of the magnet and it increases with the speed, thus currents increase too.
Furthermore, the results of the two simulation tools are exactly the same, a part from
some slight differences caused by the different solver, as it is possible to notice in figure
2.23.
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Figure 2.23: Detail of current of phase a in the motor test
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2.4 Mechanical load model

The mechanical load in the system under study is the electric vehicle whose traction has
been previously analysed. Pursuing the target of modelling it, a great simplification is
applied: the vehicle is wholly considered as an equivalent inertia seen by the electrical
machine. Therefore it is not possible to go inside the mechanical system in details, but
only to analyse the mechanical response at the outlet of the electrical machine.

2.4.1 Ideal Torque Source

The first step is to convert the Simulink torque signal coming from the electrical machine
into a Simscape mechanical signal. This allows to emulate the mechanical behaviour of
the electrical machine. For this reason the Ideal Torque Source block is utilised:

S
>= R
C

Figure 2.24: Simulink symbol for the Ideal Torque Source block

The Ideal Torque Source block represents an ideal source of mechanical energy that gen-
erates torque proportional to the input physical signal [14]. The input port is S, while
C and R are mechanical rotational ports. The relative angular speed is evaluated as the
difference between R angular speed and C' angular speed. If the torque signal entering in
S is positive, the torque is applied from C to R. The C port is connected to a mechanical
rotational reference. This block is defined ideal because the losses are neglected and it
maintains the torque requested at any speeds.

2.4.2 Inertia and Rotational Free End

As previously mentioned, the vehicle is modelled as a simple equivalent inertia therefore
the Inertia block is utilised:

Figure 2.25: Simulink symbol for the Inertia block
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This block represents an ideal mechanical rotational inertia, described with the following
equation [15]:

dw
T=J— 241
pr (2.41)

It has one mechanical rotational port which has to be connected to the R port of the Ideal
Torque Source, because the Inertia positive direction is from its port to the reference one,
C port of the Ideal Torque Source.

Furthermore, there is the necessity to put a block that allows the Inertia to rotate freely
and has an initial speed different from zero. The Rotational Free End block is employed:

Figure 2.26: Simulink symbol for the Rotational Free End block

This block is used to terminate mechanical rotational port that is necessary to leave
unconnected [16].

2.4.3 1Ideal Rotational Motion Sensor

Finally, the speed of the equivalent Inertia has to be measured in order to provide it to
the electrical machine model and to the control part. The Ideal Rotational Motion Sensor
block is utilised:

aC
<IW Re
<A

Figure 2.27: Simulink symbol for the Ideal Rotational Motion Sensor block

This block emulates a sensor that measures the speed between two mechanical rotational
ports ad converts it into control signals proportional to angular speed and angular posi-
tion. R and C' are the mechanical rotational ports. W and A are physical signal output
ports for speed and angular displacement, respectively [17].
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Modelling of the system under study

The speed is measured as:
W =wRr — wc (2.42)

The positive direction is from port R to port C. The latter is connected to the mechanical

rotational reference.

An additional block is introduce to transform the ideal behaviour into a real encoder
behaviour: the quantizer block.

) SR

Figure 2.28: Simulink symbol for the Quantizer block

It quantise the input at given interval, which is the 27 divided by the number of notches
of the encoder.
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Chapter 3

Motor control

The method utilised for the motor control in this case study is the Direct Flux Vector
Control. This method is usually employed in traction because it is notably convenient in
flux-weakening operation, since it easily guarantees maximum torque production under
current and voltage limitations [18]|. The first step consists in referring the whole machine
model in dg and g5 axes, where the first one is headed towards the stator flux and the
second one is normal to it, as shown in Fig. 3.1. This step is necessary due to the fact
that the control is based on:

— direct regulation of the stator flux amplitude through the respective voltage com-
ponent vgg;

— load angle § regulation, equal to torque regulation, through the respective voltage
component vgs.

» O

Figure 3.1: Vector diagram with ds and g5 axes

In order to obtain the new machine equations, the rotational transform has to be applied
with the load angle § to the dg-axes equations.
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The new equation obtained are:

dA
Vs = Rgigs + m (3.1)
do
Vgs = Rgigs + A (w + E) (3.2)
7= 3 pxige (3.3)

2

It is possible to notice from 3.1 that the flux amplitude is directly regulated through
the voltage in ds-axis, while, from 3.2, the load angle is directly regulated through the
voltage in gs-axis. As mentioned above, the load angle regulation means torque regula-
tion, which it is possible to be done directly through the current in gs-axis as shown in 3.3.

The scheme of this control method is:

max current

I ’8‘ MTPV current limitation
\ I 2‘i 2 - iMTPV \n:ix + 6
max “'ds + — Omax

- Pls
I N
gs,max C .=
T :
» " N 7 qs o
: ?“ iqs max VECTOR qus’ > By
| ' + |CONTROL VS|
e = i
“(11{-IMTPA -
abs() flux weakening sin(eiﬁ) 1 1 lop
cos(0+3) v b N
Om 15\ < f’B
E < ®
A 5
speed | Om
calc.

Figure 3.2: Scheme of the Direct Flux Vector Control

The main components of this scheme are:

* .

e an MTPA-based generation of flux reference A* and current reference iy;

e a flux weakening logic;
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e an MTPV logic;

e 2 closed loop for the flux amplitude that generates as output the reference voltage
in ds-axis;

e 2 closed loop for the current in ¢s-axis that generates as output the reference voltage
in gs-axis;

e a flux observer whose purpose is to observe the stator flux amplitude and its angular
position in respect of the af-axes;

These main components will be now analysed.
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3.1 MTPA-based generation of references

In this case study there is not a speed closed loop: there is not a speed reference that
is compared to the measured one in order to obtain the torque reference through a PI
regulator. This task is assigned to the vehicle driver that imposes the desired speed using
the speed indicator. For this reason the torque reference is directly generated from the
accelerator pedal and it is given as input to the control scheme. This reference is employed
to obtain the reference of the flux amplitude and of the current in gs-axis, as shown in
Fig. 3.3.

r© ” iq;

: 312p +
1] MTPA -~
A

abs()
Figure 3.3: Scheme of the MTPA-based generation of references

Firstly, the flux reference is evaluated applying an MTPA algorithm. For this type of
electrical machine, a LUT is employed to obtain the flux reference. The LUT is an array
of flux amplitude, which is associated to an evenly spaced array of torque values. The
LUT is calculated only for positive torque values thus the absolute value is applied to the
torque reference. The two torque values, among which the desired torque is included, are
selected and a linear interpolation is applied to obtain the flux value associated to the
reference torque as shown in Fig. 3.4.

Y4 |-m - - mm e .

y - S S PRSP

Y2-f--mmmmmm -

Yi-F-—-—-—- -

X4

X

Figure 3.4: Scheme of the MTPA-based generation of references
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The linear interpolation is applied using:

Y, — Y]
y = 12 1

=% ¢ X-X)+n (3.4)

Then, the equation 3.3 is employed in order to calculate the reference value for the current
in gs-axis. These references are effective only when the motor is working in an MTPA
point, when flux-weakening or MTPV algorithm are necessary, some additional algorithm
are applied (Sec. 3.2 and 3.3).
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3.2 Flux-weakening logic

As mentioned above, when flux-weakening is needed an additional algorithm is necessary
to exit from MTPA curve and start reducing flux amplitude. This reduction is strictly
connected to the voltage limitation led by inverter limits.

The voltage limitation condition is given by [19]:

(Reigs)” + (Reigs + w ) < V2., (3.5)

Therefore, neglecting the 445 contribution, the flux amplitude is limited applying the

following formula [18]:
Vmaz - Rs |7;qs’

A<
wl

(3.6)

where

e Viae 18 the maximum output voltage that the inverter can provide, thus in this case
it is evaluated from the measured DC-link voltage as:

Vbe (3.7)

Vmaac = =
V3

e R, is the estimated stator resistance;
e i, is the current in gs-axis;

e w is the electrical angular speed.

The resistive term in 3.8 is used only for low-power motors, otherwise it can be neglected
[18]. From 3.8, it is possible to highlight that the flux-weakening starts in an adaptive
manner according to the voltage limit, required current and measured speed.
Consequently a saturation block is added in the control scheme above shown3.3:

T iq;
1 0
! 312p L+
; N
“[11]|-{MTPA -
A

flux weakening
Om

Figure 3.5: Scheme of the MTPA-based generation of references with the addition of
flux-weakening logic
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Furthermore, it is possible to reduce the limiting term for the flux in order to permit the
regulation of current in gs-axis, such as:

3t < 0.9 Vinaz — Rsigs sign(w)

(3.8)

jwl

This is also caused by a lower limit of inverter output voltage then the theoretical value
3.7, since the duty cycles are limited in the range 0.05 + 0.95.
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3.3 MTPYV logic

After reaching the voltage limit with the flux-weakening logic, it is not convenient to
maintain the maximum current. Therefore the current amplitude is reduced along a
specific value of load angle &, which is called dp,q,. This concept is the base of the MTPV
logic. In order to obtain this limit angle, it is necessary to express the torque as a function
of only fluxes as first step. Starting from the magnetic equation of the electrical machine,
the currents are expressed as a function of fluxes:

SRR .

_ Lag ()‘q + )‘M) — LggAa

] =K1 (A + ) — Ko A
id qu2 ~ Lag Ly 1 ( q M) 2/
(3.10)
. LggAg— Lag (Mg + Am
ig = — 5 (s )ZKlAd—Ka(Aq—i-)\M)
qu dequ

In this case the tensor of apparent inductances is utilised. Then the equations (3.10) are
substituted in the torque expression, obtaining:

3
T = 2p<K1 )\d2 — K3 )\d()\q + )\]y[) — )\q K, ()\q + )\]y[) + Ko Mg )\q> (3.11)

The fluxes in dg-axes are expressed as a function of the flux amplitude and load angle,
obtaining:

T = % p)\(Kl Acos(28) + A (Ka — Kg)% sin(26) — My (K3 cos(6) + K1 sm(a))> (3.12)

In order to find the limit load angle 0,4, the torque is derived with respect to the load
angle and imposed equal to zero. Due to the cross saturation present in this motor, the
terms K7 , Ko and K3 are variable according to currents, thus to fluxes. Consequently
the limit of load angle 0,4, is dependent on fluxes. For this reason, every control routine
it is evaluated employing a LUT, which is an array composed by maximum value of load
angle 0,4 and it is associated to an evenly spaced array of flux amplitude values. The
same process, previously described in Sec. 3.1, is applied to obtain the requested limit of
load angle 0,4z

There is a tight relationship between the current in ¢s-axis and the load angle, specif-
ically the limitation of the current in gs-axis leads to a limitation of the load angle [18].
Therefore a current limitation is introduced and it is added to the existing one owed to
the inverter limit, as it is shown in Fig. 3.6.
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MTPV current limitation
max current |

8
Vlmax-igs? + _— wrev =1+ o
max ~'ds — Omax

Y

N/
Pls
i N
* qs'max O . %
T 1 5 N~ lgs -
NE I - -
é ?" 'qs‘max ?:_

[11]-{mTPAF—

abs() flux weakening

Om

Figure 3.6: Scheme of the generation of references with the addition of flux-weakening
and MTPV logic

The MTPV current limitation i5;7py is subtracted from the inverter current limit, which
is evaluated as:

. 2 22
bqs inv—limit = Ima:t — Uds (313)

where I,,4; is the maximum current that the inverter can provide.

This MTPV current limitation iyrpy is calculated as output of a PI regulator, whose
input is the difference between the estimated load angle § and the limit d,,4,,. The output
of the PI regulator is limited to I, and to zero in order to produce an output only if
the estimated load angle is higher than the limit §,,q-

The tuning of the PI regulator can be executed analysing the following block scheme,
which is derived simplifying the scheme represented in Fig. 3.2:

. inverter oA 5
s iRV Vgs Y -
gs
>0 Pl Pld—— 1 I — A1 >
. sin(B:-B),cos(Gié)" RS lqs
o flux observer

1

Figure 3.7: Simplified scheme highlighting the load angle regulation
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The close-loop bandwidth of this scheme is equal to:

]‘71)75 kpﬂ'qs

X (3.14)

Whw,s =
where k, s and k45 are the proportional gains of the load angle and current regulators.
The proportional gain of the load angle regulator can be evaluated as:

Wow,s A

kps = (3.15)

kp,iqs

The bandwidth is imposed, while the flux amplitude considered is the minimum value
which is at maximum speed in order to not have a bandwidth higher than the imposed
one.
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3.4 Flux and current closed loop

The reference values of current in gs-axis and flux amplitude are employed in a respective
regulator. The input of the current regulator is the difference between the reference value
and the measured one and its output is the reference voltage ings-axis. On the other
hand the input of the flux regulator is the difference between the reference value and the
observed one (see Sec. 3.5) and its output is the reference voltage in ds-axis.

*
Pl —

Figure 3.8: Regulator of the current loop

5 Vds

Figure 3.9: Regulator of the flux loop

These regulators are both composed by a proportional part and an integral one, the total

gain is thereby equal to:
k;

kiot = kp + ; (316)

where k), is the proportional gain and k; is the integral one.The tuning of these gains is
different for the current loop and the flux one.
In the first case they are:

kp,current = Whw,current (Ld,sat + LUS)
(3.17)

ki,current = ktune,cur‘rent * Whw,current kp,current
where
~ Whw,current 15 the bandwidth of the current loop, which is imposed by the user;
— Lg sqt 1s the inductance in d-axis when saturation occurs;
— Ly is the stator leakage inductance;

— Ktune,current 1s a tune gain lower than one owing to the necessity of respecting

ki,current < Whw,current * kp,current-
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In order to tune them, the bandwidth and the tune gain is changed until the desired
response is obtained. In the second case they are:

kp,flux = Whw, flux
(3.18)

ki,flux = ktune,flum * Whw, fluz - kp,flux
where
— Whw, fluz 18 the bandwidth of the flux loop, which is imposed by the user;

— Ktune, fluz 18 @ tune gain lower than one owing to the necessity of respecting
ki,flua: < Wow, fluzx kp,fluac

The tuning of these gain is done in the same way as the current one.

The reference voltages in dsgs-axes are transformed into the reference voltages in abc-
frame. This process is done through the rotational transform, which employs the sum of
the load angle and the rotor angular position as rotation angle, and the Park transform.
The reference voltages in abe-frame are utilised to evaluate the duty cycles as shown in
Sec. 2.2.
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3.5 Flux-observer

As mentioned above, the flux amplitude and the load angle § are necessary for some
blocks. These two quantities are evaluated through a flux observer, whose scheme is the
following:

v(lyﬁ :+(-\ I laaﬁ: k
'T\ sin,cos(6+d)
+ _ ~
- R g ) " sin,cos(d)
ia,[} , mag . }”a.ﬂ
e-.'em - model - ele * 9

N torm

Figure 3.10: Scheme of the flux observer

The flux observer is based on the combination of two flux estimators, whose aim is to
estimate a quantity through the machine model. The quantity estimated by both is the
flux in af-axes.

The first one is an estimator founded on the stator equations. The flux is obtained
as the integral of the electromotive force:

e, _ Yo — Bsdag

afB — s (319)

where the voltages in af-axes employed are the reference ones of the previous ISR, while
the currents in a8-axes are the measured ones of the ongoing ISR.

The second one is an estimator founded on the magnetic model of the electrical ma-
chine, previously analysed in 2.3. This magnetic model is applied in dg-axes and then the
rotational transform is used to obtain the flux in af-axes:

lag = A(=0) g
g 20 N (3.20)

ap = A(0) Agy
where the currents in af8-axes are the measured ones. As it is possible to notice the the

flux in dg-axes is obtained through flux maps of the electrical machine given as LUT.
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In order to combine the two outputs of estimators, it is necessary to introduce a feedback
in the scheme shown above. It is equal to a gain ¢ multiplied with the difference between
the observed flux (output of the flux-observer) and the estimated one with the second
type of estimator. This feedback is subtracted to the numerator of the equation 3.19 in
the first type of estimator, thus it is integrated leading to obtain the observed flux in
af-axes.

The global transfer function is:

) i (V“ﬁ_Rsla5)+ g\ (3.21)

Ag =
op s+g s s+gqg of

As it is possible to highlight the first type of estimator is multiplied with a high-pass filter,
while the second type of estimator is multiplied with a low-pass filter. Therefore the first
type is valid at high speed and the second one at low speed. These two filter contains
the feedback gain ¢ which determines the crossover angular speed at which there is the
transition from one estimator to the other.

Finally, the necessary flux amplitude and its angular position are evaluated as:

A=/ + A2 (3.22)

o A
cos(6 + 6) = A& sin(0 + 6) = f (3.23)

Therefore, the load angle is obtained subtracting from the angular position of the stator
flux the rotor position. This difference is approximated with the sine of the difference.
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3.6 Results

The implemented control method has been tested in order to analyse its functioning and
tune the necessary parameters. The test is done employing the model previously generated
and analysed.

The test parameters are the following:

e Battery voltage equal to 300 V', considered constant due to the short duration of
the simulation;

e [GBT forward voltage equal to 0.7 V' and IGBT on-state resistance equal to 10 mf2;

e Iree-wheeling diode forward voltage equal to 0.7 V' and free-wheeling diode on-state
resistance equal to 10 mf;

e Stator resistance equal to 17.06 mf;

e Stator leakage inductance equal to 2 uH,;
e Pole pair equal to 3;

e Magnet flux equal to 0.03515 Wb,

e Flux maps equal to

0.15

0.1

Fd [Wb]

0.05

600

200
iq [A] 600 o id [A]

Figure 3.11: Flux map in d-axis
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o
2 .0.05
o
[T
0.1 -
-0.15 |
600

600

-200 200

iq [A] -600 o id [A]

Figure 3.12: Flux map in g-axis

e Equivalent inertia seen from the electrical machine equal to 1.75 kg - m? in order to
satisfy this condition: accelerating from 0 to 100 km/h in 9 seconds.

The test conditions and the performance limits are set arbitrarily to test only the control
method and they are not disclosed due to confidentiality issue.
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3.6.1 Verification of the Flux-Observer

Firstly the feedback gain g of flux observer is tuned in order to make the flux estimation
more accurate as possible.

The value found out is equal to g = 27180 rad/s. The flux observer is tested both at
low speed, 50 rpm, and at high speed, 6000 rpm. In the first case only the flux estimator
deriving from the magnetic model works, while in the second one only the flux estimator
deriving from the stator equations works.

As it is possible to see in Fig. 3.13, 3.14, 3.16 and 3.17, the flux is correctly estimated
both at low speed and at high speed. The maximum error committed at low speed for
the flux in in a-axis is equal to (Fig. 3.15):

Aerror = Aaplant — Ao = 0.1189 — 0.1185 = 4 - 10~ Wb (3.24)

Therefore the relative percentage error is nearly 0.3%. This error is equal for the flux in
[-axis at low speed. In the high speed case, the maximum error committed for the flux in
in a-axis is equal to 1.4-1073 Wb, thus a relative percentage error of 1.6%. Furthermore it
is possible to notice the difference between the observed flux and the plant one in the first
time interval, due to the fact that the motor control starts working only from ¢ = 0.032 s.
In Fig. 3.16 and 3.17 it is possible to highlight the delay of the observed flux, because of
the use of previous step quantities, and its discretization caused by the control working
only every ISR.

0.05 B

[Whb]

-0.05 - 7

0.1 ]

015 | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time [s]
Figure 3.13: Plant flux in a-axis and observed flux in a-axis at low speed
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Figure 3.14: Plant flux in S-axis and observed flux in §-axis at low speed
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Figure 3.15: Detail of plant flux in a-axis and observed flux in a-axis at low speed

49



Motor control
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Figure 3.16: Plant flux in a-axis and observed flux in a-axis at high speed
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Figure 3.17: Plant flux in S-axis and observed flux in S-axis at high speed
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3.6.2 MTPA operation

The MTPA logic is tested applying a torque step at the maximum torque obtainable, which
is equal to 200Nm for the current analysis. The plant torque is a ramp, represented in
Fig. 3.18, and the respective MTPA locus in the current plane and in the flux plane are
represented in 3.19 and 3.20.

200

140 - 4

—120 - T

100 |- 7
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0 | | | |
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Time [s]

Figure 3.18: Torque evolution in MTPA test

450

400 |- 7

350 - n

300~ 7

iq [A]

100 - 7

50 - n

_50 L L L L L L
-50 0 50 100 150 200 250 300

id [A]
Figure 3.19: Currents in dg-axes following MTPA algorithm
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Figure 3.20: Fluxes in dg-axes following MTPA algorithm

The initial part of the obtained MTPA locus has some errors due to the initial response
of the motor control, which leads to negative currents at the motor start. Moreover the
starting value of the MTPA flux curve is equal to the magnet flux: it is directed along
the negative semi-axis ¢ and equal to 0.0351 Wb.
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3.6.3 Flux-weakening and MTPYV operation

The MTPYV logic is tested applying a torque step at the maximum torque obtainable
and lowering the equivalent inertia seen by the electrical machine in order to reduce the
simulation time. The plant torque and speed are represented respectively in Fig. 3.21
and 3.22.
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Figure 3.21: Torque evolution in MTPYV test
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Figure 3.22: Speed evolution in MTPYV test
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The torque is limited to the maximum obtainable value until the flux-weakening operation
at the base speed of nearly 4160 rpm, at which the maximum voltage is applied as shown
in Fig. 3.23 where the moving average of a-phase voltage is represented until 0.5 s.
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Figure 3.23: Phase a voltage evolution in MTPV test
The maximum speed reached in the current simulation is 18690 rpm and the control has
become less stable as it is possible to highlight from the ripple on the controlled quantities,
due to it is going near to its limits. Nonetheless the control, as presented in this chapter,
cannot work until this speed due to its instability. This instability is caused by the delay
of actuation that becomes significant in terms of electrical degree of the fundamental

harmonics. For this reason a phase-advancing on the reference voltage is implemented,
which consists of a rotational transform of an angle equal to:

5phadvance = D Wmotor TS (325)

where
e p is the pole pair of the electrical machine;
® Wpotor 18 the mechanical speed of the electrical machine;

e T, is the switching period.
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Figure 3.24: Currents in dg-axes following MTPA, flux-weakening and MTPV algorithm
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Figure 3.25: Fluxes in dg-axes following MTPA, flux-weakening and MTPV algorithm

In the MTPYV operation the load angle is limited to the maximum value equal to dyq, =
126.9°, due to the low permanent magnet flux per unit and the high saliency of the
electrical machine under study. Moreover, in the flux-weakening operation the current is
limited to the maximum allowable value, which is 500 A.
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Chapter 4

High level control

The innovative electromechanical actuator needs specific conditions to be actuated. These
conditions have to be monitored in order to activate it when necessary, such as when
safety actions are required. Furthermore this actuator can work only when the inverter
and electrical machine are switched off, thus a further control is implemented. This type
of monitoring combined with the additional motor control is called high level control
due to its asynchronous behaviour with respect to the principal motor control previously
analysed. The logic of this high level control is shown in Fig. 4.1.

i SECONDARY i
- DITI -
> onirorine [ ; MOTOR |
i CONTROL |
I PLANT
> PRINCIPAL
MOTOR
CONTROL

Figure 4.1: Scheme of the plant whole control

The principal motor control is run until a trigger coming from the conditions monitoring
arrives, thereafter the secondary motor control starts working. When the inverter and the
electrical machine are switched off, the electromechanical actuator is activated. After its
successful execution, thus when all is reported in safety conditions, the inverter and the
electrical machine are switched on again, so the secondary motor control ends up, and the
principal motor control resumes work.
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4.1 Conditions monitoring

As mentioned above, specific conditions have to be monitored in order to trigger when nec-
essary the secondary motor control and the operations of the electromechanical actuator.
In particular these conditions are related to two parameters of the electrical machine:

e Temperature;
e Equivalent back-emf.

These parameters and the related conditions will be analysed in order to understand their
significance for the process. The method through they are evaluated will be analysed in
chapter 5.

4.1.1 Temperature

The temperature is a relevant parameter that influences many quantities in the electrical
machine, in particular material-based quantities as electrical resistivity. In this case the
temperature under interest is the rotor one due to its influence on the magnetic character-
istic of permanent magnets, which are positioned inside the rotor (Fig. 2.13). The useful
part of the hysteresis loop for permanent magnet is the second quadrant:

B|[T]

al

H [A/m]

Figure 4.2: General magnetic characteristic in the second quadrant

This is called demagnetization curve and it is usually where the permanent magnet works.
The working point has to be necessarily above the point where slope changes, called knee
point, because under it the magnet goes through an irreversible process of demagnetiza-
tion, decreasing its magnetic induction.
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The electrical machine can be analysed with a simplified magnetic circuit. It is composed
of:

e 3 single winding with N turns in which a current i flows;
e 3 permanent magnet with dimensions equal to [, x Sp;

e an air gap with dimensions equal to [, x Sy.

/AA/\(/\/\AM

Figure 4.3: Simplified magnetic circuit

The equation associated to this circuit are:

Hyply = Hyly+ Ni
By Sm = B, S, (4.1)

By = po Hy

Resolving them, it is possible to obtain:

Hp, +— (4.2)

m lm

By Snl,  Ni
/'LOSg

where B,, and H,, are respectively the magnetic flux density or induction and the mag-
netic field strength of the permanent magnet. The working point is given by the intersec-
tion between the permanent magnet characteristic and 4.2:
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[T]

-H [A/m]
Figure 4.4: Working point of permanent magnet in the second quadrant
As it is possible to notice the working point varies according to the air gap dimensions

and current value. Furthermore, the magnetic characteristic is influenced by the magnet
temperature, as shown for NdFeB magnet [20]:
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Figure 4.5: Magnetic characteristic of NdFeB with varying temperature
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Therefore, on equal working conditions an increase of temperature initially lead to a
performance reduction of the electrical machine, then permanent magnets may suffer
risks of demagnetization under the condition of high temperature [21].

BI[T]

= T
-H [A/m]

Figure 4.6: Working point in the magnetic characteristic with varying temperature

For these reasons temperature effects on permanent magnet are considered in models dur-
ing machine design. Nonetheless, this electrical machine is a highly performing motor
which could work in extreme conditions. Therefore the rotor temperature has to be con-
stantly monitored in order to avoid the demagnetization phenomenon. Usually electrical
machines are over-dimensioned to ensure continuous safe operations, although this can be
avoided if precise temperature estimation is present.

4.1.2 Equivalent back-emf

The main condition under which the electromechanical actuator can work is that the
inverter and the electrical machine are switched off. The simple operation of switching off
all the inverter IGBT is not sufficient due to a phenomenon called Uncontrolled Generation
(UGC). This phenomenon is typical of unsafe situations, such as when IGBT commands
are suddenly lost during field weakening high speed operation [23]. The UGC could
be really dangerous for battery, inverter and other relevant components, due to the high
increase of currents and voltages [24]. As mentioned above, the inverter IGBT are switched
off, whereas the free-wheeling diodes of each IGBT cannot be controlled in order to be
switched off, thus they generate an Uncontrolled Rectifier (UR), shown in Fig. 4.7.
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Figure 4.7: Electrical scheme of the uncontrolled rectifier

Whenever only one of the line-to-line voltage is higher than the total voltage seen at the
outlet of the uncontrolled rectifier, the respective two free-wheeling diode are switched on

and current starts flowing. In details it is described as [25]:

Vin = MAX(Vaba Voas Vaes Veas Voes chb)
(4.3)

v;)ut:V% _2V;m Zf (V; _2%n)>%at
‘/out:%at Zf (‘/z _Q%H)S‘/;)at

Where:

e V;, represents the input voltage of the uncontrolled rectifier;

e V,, is the threshold voltage of the free-wheeling diode;

o Vpqt is the battery voltage.

Therefore when V;,, is higher than Vi, +2 V,,, two diodes are switched on and the current
flows back. The activated diodes varies according to the line-to line voltage, for example
if Vap > Viar + 2 Vi, the two diodes are shown in Fig. 4.8 and the current flows as shown

in Fig. 4.8:
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Figure 4.8: Flow back of current in the uncontrolled rectifier

For safety issues, there are many solutions that can be implemented in order to avoid the
side effects of the UCG phenomenon, such as external protection circuit employed to bring
down the DC-link voltage or an optimal design of the electrical machine [25]. Nonetheless
in this case study the uncontrolled generation has to be avoided ex ante, for this reason

the equivalent back-emf has to be constantly monitored.
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4.2 Secondary motor control

The secondary motor control is a logic of control applied to the motor and not to the
electromechanical actuator. Therefore it substitutes the principal one when a trigger
from the conditions monitoring arrives. The logic is the following:

PRINCIPAL | SECONDARY MOTOR CONTROL | PRINCIPAL
MOTOR MOTOR

CONTROL CONTROL
ACTUATOR

OPERATION

4

Time [s]
Figure 4.9: Time scheme of the plant whole control
This control is based on three different phases:
e switching off the electrical machine and the inverter;
e waiting for the actuator operations;

e switching on the electrical machine and the inverter, returning the control to the
user (reference values).

This type of control can be done in two different ways:
— zero torque control;
— zero current control.

The first one is based on the same motor control previously analysed, while the second
differs in some aspects.

4.2.1 Zero torque control

As mentioned above, this control is equal to the principal motor control. The difference
stays in the reference values that are given to the control. When the trigger comes, the
reference torque starts decreasing with a slope imposed by the user until it is equal to
zero, as shown in Fig. 4.10.
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Figure 4.10: Value of reference torque during the secondary motor control

Thereafter the control verifies that the torque and the phase currents are below a respective
determined threshold, again imposed by the user. When this occurs, the inverter is
switched off. From this moment the electrical machine inductances start discharging,
therefore the control checks when the currents are equal to zero. Once this happens, a
signal is sent to the actuator thus it can operate. After its successful execution, a trigger
is sent back to the control that switches on the inverter. The control waits until the
transient is extinguished and then starts increasing with a slope the reference torque until
it reaches the value imposed by the driver (Fig. 4.10), which it is not necessary equal to
the starting one.

4.2.2 Zero current control

In this case the control is different from the principal motor control. The controlled quan-
tities are directly the currents in dg-axes. Consequently a closed loop for both currents is
introduced, whose input is the difference between the reference value and the measured
one and its output is the reference voltage in the respective axis (Fig. 4.11 and 4.12).

id Vd*
H?— Pl —>
L A
i

Figure 4.11: Regulator of the current loop in d-axis
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Figure 4.12: Regulator of the current loop in g-axis

When the trigger comes from the conditions monitoring, the reference currents in dg-axes
starts decreasing with a respective slope imposed by the user until they are equal to zero,
as shown in Fig. 4.13.

1.2

0.8 7

iy [PU]

0.4 T

0.2 T

0 | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time [s]

Figure 4.13: Value of reference currents in dg-axes during the secondary motor control

Successfully the control logic is equal to the previously analysed one, until the inverter is
switched on. Then the control waits until the transient is extinguished and then starts
increasing with a respective slope the reference currents until they reach the values equal
to the respective ones corresponding to the torque imposed by the driver (Fig. 4.13),
which it is not necessary equal to the starting one.

4.2.3 Control selection

Starting from the two possible solutions, they are analysed in order to find out the best
suitable. The main differences are:

e the implementation with the principal motor control;

e the current values before the inverter is switched off.
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The implementation of the first one is simple because only a change of reference torque
has to be added together with the logic of switching off and on. The implementation of
the second one is slightly complex than the previous one, due to the change of controlled
quantities. Furthermore in the first type of control, after the torque decrease, the currents
are not necessary equal to zero, while in the second one they are controlled to be equal
to zero.

For the simplicity of implementation, the first type of control is chosen. After the torque
decrease, the currents are not so high that even if they are suddenly interrupted generated,
overvoltage are not significant.
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4.3 Results

The high level control is tested in simulation in order to verify its functioning and accuracy,
while the functioning of the electromechanical actuator is completely neglected. The test
is done employing the model and the motor control previously generated and analysed.
The test parameters for the electrical machine are the same of the test done for the motor
control (see subsection 3.6). The other test parameters are the following:

e torque reference equal to the maximum obtainable of 200 Nm;

e since the operation time of the innovative actuator is variable and it is not of interest
in this simulation, it is set quite low to be 0.3 s in order to reduce the simulation
time;

e initial speed equal to 0 rpm.

As mentioned above, the control applied is the zero torque control. The torque evolution
is represented in Fig. 4.14 and it follows exactly the wanted one. When the trigger
coming from the conditions monitoring arrives, at 1s, the torque start decreasing until
zero. When the torque and the current are both under a specific threshold the inverter is
switched off. Both the thresholds are imposed employing a comparator with an hysteresis
band. This is composed by two thresholds: a high one and a low one. When the input
goes below the low threshold, the logic output is equal to one and remains so until the
input overcomes the high one. On the other hand, when the input is higher than the high
threshold the logic output is equal to zero and remains so until the input goes below the
low one. The current thresholds are equal to 30 A and 15 A, while the torque ones are
2 Nm and 0.1 Nm. Then the innovative actuator works for 0.3 s, after this, when safety
conditions are obtained, the inverter is switched on again and the torque gets back to the
original value.
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Figure 4.14: Torque evolution during the high level control test
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Figure 4.15: Speed evolution during the high level control test

The speed during the actuator operation does not change due to no additional torque
source is considered or element that dispel mechanical power.

The phase currents follow the same evolution of the torque. As previously mentioned
they are limited to the maximum value allowable, which is 500 A. When the inverter is
switched off they are not all equal to zero, for example in this case the phase a current is
equal to 6 A. This remaining current is interrupted abruptly leading to an overvoltage in
the respective phase that reaches 90 V.
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Figure 4.16: Phase a current evolution during the high level control test
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Figure 4.17: Phase a voltage evolution during the high level control test

The voltage during the actuator operation is equal to the magnet back-emf. In this case
it is certainly lower than the Vpc avoiding the uncontrolled generation phenomenon.

In order to test the reliability of the control, another simulation is done where the UCG
is wanted. Therefore the trigger is required when the speed is near to 18000 rpm. The
equivalent inertia is lowered in order to reduce the simulation time and the DC-link voltage
is imposed equal to 200V so that UCG phenomenon is visible.
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Figure 4.18: Phase a current evolution during the second high level control test
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Figure 4.19: Detail of phase a voltage evolution during the second high level control test

In Fig. 4.18, it is possible to highlight that after the inverter shut-down, the current
does not become equal to zero due to the uncontrolled generation phenomenon, thus the
inverter is not properly switched off and the actuator cannot work. The voltage during
the UGC is represented in Fig. 4.19. As it is possible to notice, hypothesising a sinusoidal
equilibrate three-phase voltage tern, the line-to-line voltage is higher than the DC-link
one:

Vi = VaV/3 =136 V3 = 235.6V (4.4)
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Chapter 5

Temperature and magnet back-emf
evaluation

As analysed in 4.1, the temperature and the magnet back-emf have to be monitored in
order to make the electromechanical actuator operate when safety operations are required.
The two quantities that have to be estimated are characterised by a close relationship.
The magnet flux is strictly related to its temperature: when the temperature increase,
the magnet flux decrease and viceversa.

This can be expressed through:

A = Kpr (Tempy — Temppro) + Ano (5.1)
where:

— Kp, is a coefficient assumed to be constant;
— Tempjy is the magnet temperature;
— Aumo is the known magnet flux at a known magnet temperature Tempyyg-

In the case of NdFeB magnet, the law is :

1,3

1,25

1,2

B, [T] LI5
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1
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Figure 5.1: NdFeB magnetic remanence as a function of temperature
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Therefore, if the magnet temperature is estimated also the magnet back-emf can be esti-
mated if it is known in a determined temperature condition.
There are different possible methods available to do this:

e temperature measurement method;
e thermal model method;

e flux-observing method;

e signal injection method.

These methods will be investigated to understand the best suitable for this case under
study. The implemented method will not be analysed due to confidentiality issues, while
its results will be shown.
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5.1 Temperature measurement method

The first method is a direct measurement of temperature through sensors. There are
different available methods to measure directly the temperature and they can be divided
in three categories:

e sensor with direct transmission through slip ring;
e sensor with wireless transmission;
e infra-red camera.

The first two are based on the positioning inside the rotor of the temperature sensor,
which can be of different type such as thermocouple or Resistive Temperature Detector
(RTD). A first disadvantage can be found in the necessity to change the rotor shape, thus
changing the machine parameters and performance. Furthermore, these systems must
have a high immunity to electromagnetic interference, sustain high temperature up to
180°C and centrifugal forces. Therefore they must be highly robust system negatively
impacting on the whole cost. Moreover the complexity is to collect the data that are
coming from the sensor due to their embedding inside the rotor, which is rotating.

In the first case slip rings are employed to overcome the carrying out of rotating wires.
This technique is successfully implemented in some cases (Fig. 5.2), although mainly in
experimental settings and not in an automotive case [26].

Figure 5.2: Shaft mounted brush slip-rings for temperature sensors embedded in the rotor

The reason of this can be found in several troubles that affect this strategy. The first
one is the necessary enlargement of the motor shaft that lead to an unwanted increased
space occupation, but also to a limitation of the rings number. Furthermore, as all the
applications based on slip ring, it is characterized by mechanical weakness which results
in a limited speed range. Therefore only low speed operations are allowed, completely
excluding the automotive world.

In the second case wireless transmission is employed to send data to an external board.The
carrier through which the data are transmitted can be of different kind: radio telemetry,
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optical fibre, infra-red or Bluetooth. For each carrier type there are different advantages
and disadvantages encountered in distinct scientific papers:

e Radio telemetry is based on a 433 M H z carrier frequency [27]. The disadvantages,
such as data loss, are mainly based on electromagnetic interference, which can be
avoided increasing the power of wireless transmission, although this means an in-
crease in power consumption [28];

e Optical fibre is based on the data transmission through light [29], it has the advan-
tage of being highly immune to electromagnetic interference, but it is quite expensive
and requires a perforated shaft to which the light emitter has to be centred;

e Infra-red is similar to the optical fibre, but based on emitting infra-red LED [28],
it is relatively precise and immune to electromagnetic interference, but it has the
same disadvantages of the optical fibre with also the necessity of a very precise and
balanced manufacture, limiting its application to laboratory test environment;

Figure 5.3: Installation of the rotor temperature monitoring instrumentation in [28§]

e Bluetooth is based on a 2.45 GH z carrier frequency [30], it is highly precise with an
error bound of £1.5°C but it is not totally immune to electromagnetic interference.

In addition another disadvantage is the lifetime of the energy system for the sensor and
the board embedded in the rotor. This is not unlimited and it has to be accessible from
the outside in order to change it. The energy system is usually a battery, which has also
the problem of the operating temperature.

In the third case, there are no sensor positioned inside the rotor and the temperature
is measured through an infra-red camera outside the rotor. This technique is effective
only if the surface under investigation is accessible by line-of sight [31]. Therefore if the
electric machine is a surface mount magnet this technique is applicable, while in the case
of internal permanent magnet it is not.

In conclusion, the main advantage of these technique is the direct measurement of the
temperature that is independent from all the machine parameters. On the other hand,
the disadvantages are the possible changes of the machine parameters and performance,
the complex mechanical installation and the additional cost of sensors and board.
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5.2 Thermal model method

This method is based on the analysis of the thermal behaviour of the electrical machine
through the generation of an equivalent electric circuit, which is called lumped-parameter
thermal network (LPTN) [32]. Considering two points among which an heat flux Q flows
and there is a temperature difference AT, it is possible to define a thermal resistance Ry,
that respects the following equation:

AT = Ry, Q (5.2)

All the most relevant points of the electrical machine, such as at the ends of a permanent
magnet, become the nodes of the equivalent electric circuit. This is build upon the
following equivalences:

Thermal world Electric world
Temperature difference AT Voltage V
Heat flux Q Current 1
Thermal resistance Ry, | Electric resistance Ry

Table 5.1: Equivalence between thermal and electric world

The temperature difference is seen as a difference of potential, thus as a voltage. If the
temperature has to be imposed in one point, such as the ambient temperature, a voltage
generator is introduced equal to the necessary temperature.

The heat flux is generated from power losses in the motor case: all of them are considered
as a current generator in the LPTD.

The thermal resistances have to be evaluated with respect to the geometric and physical
characteristics of the motor. The thermal resistance is principally of two types: conductive
and convective. In the first case, considering these hypothesis:

e cylindrical element (Fig. 5.4);

heat flux in radial and axial direction are independent;

thermal capacity and heat generation are uniformly distributed;

circumferential heat flux is neglected;
e 3 temperature 0, defines the heat flow in both axial and radial direction.
two different thermal network can be find out: a radial one and an axial one (Fig. 5.5)

[33].
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Figure 5.4: General cylindrical component
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Figure 5.5: Independent axial and radial thermal network
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These thermal resistances can be evaluated as follows:

L —L
Rig= ————— =R, R3, =
! 2mkq(rf —r3) 2 s 6mka(r? —r3)

tr= 4drk, L 7’% — 7'%
(5.3)
2r2in n
R — 1 T9 _1

ar = 4rk, L r% - r%
4r3riin (Tl>
R3 :—_1 T2+T2——T2

" 8m(r? — r%)er ! 2 r% — r%

where k, and k, are respectively the axial and radial thermal conductivities.
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In the second case, it is modelled through a single thermal resistance, evaluated as:

1

Re = hA,

(5.4)
where A, is the area of the surface in contact with the fluid and h is the boundary film
coeflicient, which evaluated with respect to the motor under study.

Returning back to the LPTN, the first step is to evaluate it through the analysed thermal
resistance and according to the electric machine in question. Considering that it is mainly
composed by cylindrical elements, an axial LPTN and a radial LPTN can be found out,
as shown in Fig. 5.6 [32]:

(a) Radial view of LPTN (b) Axial view of LPTN

Figure 5.6: Possible LPTN of a PMASR motor

The second step is to evaluate all the thermal resistances though the geometric and phys-
ical properties of the motor or through laboratory test. The principal test adopted is the
DC thermal test [32], in which the motor is supplied in DC current and reach the thermal
balance.

After the construction of the LPTN, the losses are evaluated and the magnet tempera-
ture can be calculated. As it is possible to understand, this method accuracy and time-
consumption depend on the LPTN complexity: if the LPTN is built with a great degree
of complexity, the method will be very accurate but also highly time-consuming. If some-
thing is neglected voluntarily or not, such as external heat sources or some kind of losses,
it is particularly difficult to obtain a great precision with this method [34]. Furthermore
this method lead to the evaluation of a mean temperature over a determined time period,
thus faster dynamics than this are completely neglected.
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5.3 Flux-observing method

This method is based on the estimation or observation of permanent magnet flux in the
electrical machine, therefore the temperature is evaluated through the inverse of equation
5.1.

There are different methods for the magnet flux estimation, two of them are analysed:

e KF or EKF method [35] and [36];

e Flux-observer variant [37];

5.3.1 Kalman Filter

The first one is the Kalman Filter or its Extended version. It is a recursive filter, which
is usually employed for measurements affected by noise. The central idea is the update of
the estimation in the light of a new measurement in order to improve the estimation [38].
The procedure followed is now explained for a time varying single variable 38|, whose
evolution follows:

Tnt1 = Ppxy + wy (5.5)

where ®,, is the time variation of z and w, is an additional noise with a zero mean
distribution. The prediction of z is called &, ), and it is natural to be considered as 5.6,
neglecting the noise:

The variance of 2,11 is equal to:
Priijn = ©2 E{(Zpn — 20)°} + E{wy} (5.7)

where the E{...} represents the expectation operator. A measurement of the scalar 1,
which is linearly related to x,4+1 by Hp41, is considered:

Un+1 = Hyp1 Tyg1 + Ungt (5.8)

where v, is again an additional noise with a zero mean distribution. The variance of §,41
is equal to:

Roi1 = E{vj,1} (5.9)

The update of the prediction &, 1}, shown in 5.6, is equal to:

Tnt1pnt1 = Entipn + Kot [Jnt1 — Hns1 Eng1pn) (5.10)

where K11 is the Kalman Gain, which evaluated in order to minimize the variance of
Ln41n+1 as:
Pn+1|n Hy1

K +1 =
" H73+1 Pn+1|n + Rn+1

(5.11)

This process can be extended to a vector of time varying variables on the same principle.
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This method is applied to the electrical machine equations analysed in 2.3, which can be
written as:

#(t) = Az(t) + Bu(t) (5.12)

Taking into account what previously analysed, they can be written as:

(5.13)

{g'c(t) = Axz(t) + Bu(t) + o(t)
Y(tn) = H x(tn) + pu(ty)

where ¢, is a determined time instant, o(t) and u(t) are the noises with a zero mean dis-
tribution. The first one represents the model inaccuracy, while the second one represents
the measurement noise. The prediction #,,,_; is equal to [36]:

‘%n\n—l = (A Ts + 1) ‘%n—1|n—1 +B (unfl) T (514)

where T is the time interval length between t, and t,_1. The update of this prediction
is done through the measurement y and it is equal to:

in\n = j;n\nfl + Kn [Qn - Hn i’n|n71] (515)
where K, is the Kalman gain and it is under the form of a matrix, calculated as:
Ky, = nln—1 H,n(Hn Pn|n—1 H', + R)_l

(5.16)

ox N

T=Tn|n—1

Therefore, this method is employed to obtain the permanent magnet flux and then tem-
perature is calculated through the inverse of 5.1. This procedure is effective and quite
accurate, although it is tested only for a surface-mount permanent magnet motor and a
synchronous reluctance motor [36], thus neglecting the cross coupling between d-axis and
g-axis.

5.3.2 Flux-observer variant

The second method is based on the flux observer described in 3.5 with some modifications
employed to obtain the permanent magnet temperature. In specific the estimator based
on stator equation is employed and a feedback based on the difference between measured
and estimated currents in dg-axes is added.

In [37], the flux in dg-axes is obtained making discrete the derivative in the stator equation
(Eq. 5.17) and applying the rotational transform (Eq. 5.18):

AaBk+1 — AaBk
T

VapB,k = Rs iaﬂ,k + (517)

Op+1—0 .
)\dq,k = A(ek—H — Qk) )\dq,k—l + TS Vdg,k—1 — A(W) TS Rs qu,k:| (5.18)
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where A(...) is the rotational transform done with the angle indicated in brackets and 6
is the rotor position.

The feedback is a flux, which is added to the one coming from the stator estimator.
It is evaluated as the output of a PI regulator (discretize in 5.19), whose input is the
difference between the measured and estimated currents in dg-axes:

00

Adggr = [0 .

] K T (idg ke — tdgk) + ANdg k-1 (5.19)
The estimated currents in dg-axes are evaluated through the inverse of the magnetic
model, whose input are estimated fluxes in dg-axes coming from 5.18 with the addition of
the feedback.

The flux in dg-axes can be written as a flux known in a determined temperature condition
summed with the variation caused by the temperature change, hypothesising the latter
influences only the flux in g-axis:

. . 0
g (iaq; Tempar) = Nag(iaq; Temparo) + [1] Kp, (Tempy — Tempnuso) Ao (5.20)
Consequently the temperature is calculated as:

AN
Tempr i = ﬁ + Temparo (5.21)
T

where the A5\q7k is equivalent to the one evaluated in 5.19.
Therefore, the scheme employed is the following:

=t , Azt R ol
Vg.k 1 Vdg k-1 A ';
ol - ) » g ke
2 T 1A~ OLUTH—4
4 hdq.la:
A9 Iy
/—\j\dq,k 1 Alempuiy Temp,,
kBT' 7\;9,0
e o
Vg b Aqu’f)\,
ST

Figure 5.7: Scheme of the temperature observer developed in [37]
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This method demonstrates satisfying performances with small errors on the estimated
temperature, although it can not be applied at very low speeds. Furthermore, it is strongly
dependent on the degree of knowledge of the parameters employed in the model, such as
the stator resistance.
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5.4 Signal-injection method

This technique is build upon the injection of a voltage or a current with specific char-
acteristics and in specific conditions in order to monitor the electrical machine response,
through which the parameters under interest are estimated. There are different methods
to do this and most of them are based on the expected response of the electrical machine
to a determined stimulation.

Two different procedures are now analysed:

e zero d-axis current injection [34];

e ¢-axis voltage pulse [39].

5.4.1 Zero d-axis current injection

The principle of this technique is to control for few milliseconds the d-axis current in order
to make it equal to zero. On the other hand the g-axis current is maintained equal to its
previous reference value. Starting from the electrical machine equation, analysed in 2.3:

, di di . .
Vg = Rszd—l—ded—td +qud7q —w (Lyqiqg + Lygiq + Am)
(5.22)
, diy di _ _
Vg = Rslq + qu?: + qu dig +w(dezd + qulq)

Two conditions are imposed: d-axis current equal to zero and steady state is reached. The
equation 5.22 can be written as:

Vg = —w (Lgqiq + Am)

(5.23)
vg = Rgig +wLggig
Therefore, it is possible to calculate the g-axis flux as:
. Ud
Agzero = Lgqiq + Am = v (5.24)

This flux has a linear relationship with temperature, if the temperature increases:

e L, increases too, due to the reduced core saturation level, and i, is major than
zero, thus the first term globally increases;

e )\, decreases with temperature, but it is negative because it is directed along g-axis
negative direction, thus the second term globally increases too.

Therefore, the g-axis flux increases as temperature rise with a thermal coefficient higher
than the one of the permanent magnet flux. In this way the temperature variation can
be estimated. The disadvantage of this method is that the d-axis current is equal to zero
for a time interval, leading to a higher torque and speed ripple.
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5.4.2 (Q-axis voltage pulse

This method is based on a g-axis voltage pulse injection with the consequent measurement
of the g-axis current response. This current is chosen because the permanent magnet flux
level influences more it than the current d-axis. The ¢-axis current response is strongly
influenced by the currents in dg-axes and the magnet temperature, which influences the
magnet flux:

dig .

o = fliasiq Tempyr) (5.25)
If this relationship is known, it is possible to evaluate the magnet temperature starting
from the knowledge of the ¢-axis current response. In order to know this relationship
laboratory test must be done due to its high non-linearity.
The procedure to obtain the g¢-axis current response is to inject a voltage pulse in the
negative direction of the g-axis, along one of the six basic vector of the hexagon. For
example the voltage pulse is injected in the phase a as shown in:

I/d( s

4

Figure 5.8: Voltage pulse injection in the phase a

This pulse cannot be given exactly when 6,; = 0° but it extended before and after with a
width of p,, tried to kept as shorter as possible in order to obtain:

1

vg =g Y = —ig (5.26)

Ve g ig g

Since the g-axis current response is influenced by the d-axis current, due to the cross-
saturation phenomenon and the influence on the g-axis voltage, it is necessary to com-
pensate the d-axis current.
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Starting from the electrical machine equation:

_ . dig L di _ _
Vg = Rszd—i-deE —i—qud—; —w (Lgatq + Lgqiq + Am)
(5.27)
, . dig , i , ,
vg = Ry +quﬁ +qud—tq + w (Ladiqd + Lagiq)
where L* are the differential inductances:
dLqgq . dLgq .
Ly,=1L L, =L —
dd dd+ dZd 2 dq dq + qu 1"1
(5.28)
* dLgq N dLgq .
qd = Lgd + diz td Lgqg = Lgq + quzq
Therefore, injecting a negative voltage pulse in g-axis vy = —§VD(; from 5.27 it possible
to obtain the g-axis current response:
L di 2 ‘ . dig . ,
qqd—tq = _§VDC — Rsig — ad "1 —W(dezd_'_quZQ) (5.29)

Furthermore it is possible to delete the dependence on the d-axis current and partially
delete the speed dependence. The procedure to do this is to inject another voltage pulse

but of opposite sign v, = §VDC, obtaining:

. digp 2 ) . dig . .
qq d(; = gVDC — R, tgp — Ligg E —w (de 1q + qu qu) (5.30)
Consequently, subtracting 5.30 with 5.29:
. Aligp — igN 4 ) . ) ,
Laq (th” = §VDC — R (igp — ign) — w Lagq (igp — iqN) (5.31)

This derivative reflects the changes in the magnetization level while d-axis current is
constant.

This method is characterized by a high accuracy along a wide speed-range, nevertheless at
high speed it is more difficult to inject the voltage pulse at the right moment. Furthermore
this method can cause additional losses and torque or speed ripple.
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5.5 Implemented method and results

The four methods employed to estimate the magnet temperature and previously analysed
have each one advantages and disadvantages, which are resumed in the following table:

Method Advantages Disadvantages

Expensive

Mechanical and temperature
Temperature Direct measurement of the tem- criticality
measurement perature

Mainly limited to laboratory
environment

Thermal model

Estimate not only the rotor
temperature

Time-consuming

Possible errors in case of
losses neglect, wrong assump-
tion on the ambient or inaccu-
rate knowledge of the motor
geometry

Mainly limited to industrial
environment

Flux-observing

No additional cost

No time consuming

Possible errors in case of an
inaccurate machine and in-
verter model

Very sensitive to variable pa-
rameters such as stator re-
sistance (stator temperature
sensors required )

Signal injection

Table 5.2: Advantages
estimation

No additional cost

No time consuming

Additional losses
Torque and speed ripple

Mainly applicable at low

speed

and disadvantages of the method for the magnet temperature
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Among these techniques, a flux-observing method is chosen. For confidentiality issue the
way how it works is not treated in this thesis, while the results are shown.

A test is conducted in the simulation environment, its parameters are the following:

magnet temperature Tempyr = —10°C;

torque requested equal to Te,, = 30 Nm;

e speed range from 250 rpm to 6000 rpm;

simulation time 3 s.

Every test is done at speed imposed, thus the speed is constant in the whole test. The
initial value of the estimated temperature is set to zero and then evolves till steady-state.

2 —speed = 1000
—speed = 1500
speed = 2000
0 —speed = 2500
speed = 3000
speed = 3500
2b —speed = 3750
— —speed =4000
9 —speed = 4250
= speed = 4500
g -4 ——speed = 4750
‘E speed = 5000
[ speed = 5500
g 6 — speed = 6000
@ :\—I—\—/_,L,——\——
=
8 —
e —| . I ] T e
| L L
10 - — [ 1 [
12 | | | | |
0 0.5 1 1.5 2 25 3
Time [s]

Figure 5.9: Evolution of the temperature estimation at different speed

As it is possible to notice the estimated temperature is different according to the imposed
speed. After the first transient phase, the maximum error is around 3.614°C for a speed
of 5000 rpm, highlighting a great accuracy.

In order to show better the evolution of the temperature with speed, a mean temperature
is calculated from 1s to 3s and plotted as a function of the speed:
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Figure 5.10: Mean temperature estimation as a function of the speed

Furthermore, an other test in the simulation environment is conducted with a different
magnet temperature Tempy; = 50°C and in three different torque request: low load at
30 Nm, medium load at 90 Nm and full load at 200 Nm. The temperature estimator is
changed in order to follow the faster evolution of the speed, thus an additional ripple is
present in the three following graphs:
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Figure 5.11: Temperature estimation as a function of the speed at low load
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Figure 5.12: Temperature estimation as a function of the speed at medium load
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Figure 5.13: Temperature estimation as a function of the speed at full load

As it is possible to notice, the maximum speed reached is different according to the load
due to the simulation time is imposed to 3 s. The evolution of the estimated temperature
varies in the three cases. The error at steady-state is different in one case or the other,
the minimum one is the full load case.
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Furthermore also the maximum error is different:
e Maximum error at low load is equal to 4.3°C;
e Maximum error at medium load is equal to 2.8°C;

e Maximum error at full load is equal to 2.5°C.

Therefore, the developed method has a great accuracy over all the motor speed and torque
range. Nonetheless it is tested in a simulation environment, thus a test on the real motor
when it will be built is necessary to demonstrate its accuracy and effectiveness.
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Chapter 6

Conclusion

This thesis dealt with different problematic, all concerning an innovative electrical drive
for electrical vehicle. The electric traction system is successfully modelled in the simu-
lation environment Simulink. Existing blocks are employed to model the energy storage,
the converter and the mechanical load. On the other hand, a new circuit model for the
electrical machine is introduced from the theoretical point of view and correctly modelled
with a specific Simulink block. This motor modelling has great potentialities in the sim-
ulation world due to its high adaptability and flexibility. Future developments could be
the implementation of other electrical machine dynamics, such the mechanical one or the
losses aspect. Furthermore the comparison and test with the real electric traction system
is strictly necessary to give a solid validity to this simulation model and to understand
deeply its shortcomings.

The motor control together with the secondary motor control is satisfactorily implemented
in the specific programming language. They are tested in the Simulation environment,
highlighting their feasibility and validity. In particular the possibility of taking back the
control instantaneously, after the innovative actuator operation, is shown. Further step is
the necessary evaluation of these controls on the real electrical traction system.

A deep analysis of the state of art about permanent magnet temperature evaluation is
conducted to allow proper operations of the innovative actuator. Advantages and disad-
vantages of each techniques are analysed and a new method is introduced. This method
is not shown for confidentiality issue, but it is tested in the simulation environment. The
results are promising and show the correctness and validity of the new method. Nonethe-
less the test with the real traction system will be strictly necessary, due to the typology
of chosen method.

In conclusion the whole system generated with the control and monitoring logic represents
a strong base for future developments in the electrical automotive world, highly necessary
in this coming period of deep innovation.
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