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FOREWORD

Global warming is the most challenging problem and potentially the most disastrous threat that
our civilization faces nowadays. It has been many decades since this issue is known to
mankind, however, efforts to eradicate the global warming threat have been marginal until
now. Today, the global warming issue has been acknowledged by a vast majority of political
and industry leaders around the world. Regulations like the Carbon Exchange program,
greenhouse gases emissions restrictions and international agreements like the Paris Agreement
are materialization of the will to move towards clean energies and reduce our fossil fuel
consumption. Industries like energy providers and automotive manufacturers are in most cases
putting gigantic efforts to replace the fossil fuel based technologies with renewable power

sources and electric technologies.

Despites all the efforts put in place nowadays, the aviation industry still does not have the
technologies available to go all electric. Effectively, the electric energy storage and the power
densities of the available electrodynamic systems are two major blockers in developing a full

electric aircraft that could fulfill the needs of the commercial aviation on a large scale.

A lot of research is being done on the batteries to increase their energy density and power
density. Nowadays Lithium-Ion batteries have a good energy density, but are still far from
fulfilling the needs of a commercial airplane. Fortunately, research continues and new
technologies with better energy density and power density continuously emerge. Aside the
batteries, the electrodynamic systems performance also need to be improved to fulfill the
power density requirements of commercial aviation. Turbine based jet engines have great
power densities thanks to their fast rotational speeds. However, electrical machines typically
need to reduce their output torque to reach high speeds, which is no use for aeronautical

applications.

This research project was initiated with the idea that using electrical resonance to power a

permanent magnet synchronous machine could improve its performances, efficiency and
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power density, which could ultimately help reaching aviation ready electric propulsion

technologies.
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Conception d’un convertisseur résonant destiné 2 une machine synchrone a aimants
permanents

Jean-Frangois BISSON

RESUME

Ce projet de recherche a débuté avec 'hypothése que le comportement résonant d'un circuit
RLC pourrait améliorer le fonctionnement d'une machine synchrone a aimant permanent.
L'idée de ce projet de recherche est de connecter un condensateur en série a chaque phase du
moteur pendant le fonctionnement a grande vitesse, transformant les circuits électriques de
phase en circuits RLC. Le condensateur serait dimensionné spécialement pour que la fréquence
naturelle du circuit RLC résultant corresponde a la fréquence électrique du moteur a la vitesse
de fonctionnement souhaitée. En raison de la force contre-électromotrice du moteur, il a été
constaté que les condensateurs doivent étre préchargés afin de fournir I'énergie électrique
requise au moteur.

Ce mémoire présente en premier lieu les propriétés de la résonance électrique dont il pourrait
étre intéressant de bénéficier et présente un concept haut niveau de convertisseur qui pourrait
permettre de tirer parti des propriétés de la résonance électrique lors du fonctionnement d'un
Moteur Synchrone a Aimant Permanent (PMSM). Ensuite, ce mémoire documente
I'¢laboration et la conception détaillée du convertisseur. Les trois principaux aspects couverts
dans la conception détaillée sont : le circuit d’électronique de puissance du convertisseur
résonant, I'¢lectronique de commande du convertisseur résonant et 1'algorithme de commande
du convertisseur résonant. En troisiéme lieu, le modele de simulation est présenté, ainsi que
les résultats de simulation démontrant les capacités fonctionnelles du convertisseur résonant.
Enfin, les résultats de la simulation sont analysés en détail et les conclusions sur les avantages

et les inconvénients du convertisseur résonant proposé sont énumeéreées.

La simulation du concept de convertisseur résonant, nommé « Resonant Power Processor »
(RPP), montre que 1'algorithme de controle et le circuit électronique du RPP font fonctionner
avec succes une machine synchrone a aimant permanent a grande vitesse et a couple ¢levé
simultanément, avec une faible distorsion harmonique des courants de phase et de faibles
fluctuations de couple moteur. Profitant du comportement dynamique des circuits RLC des
phases du moteur et du circuit de recharge, le RPP permet d'atteindre 263% de la puissance
atteignable avec la méme tension de batterie de 320V et génere une tension Ligne-Ligne de
485.7Vrms avec une batterie tension de 320V. Le systeme fait fonctionner avec succes la
machine synchrone a aimant permanent a 5 400 tr/min et 14 N.m de couple de sortie.

Les performances du systéme proposé ont ét€ comparées a un systeéme de base qui se compose
d'étages de conversion DC-DC élévateurs de tension et d'un onduleur a 3 niveaux. L'analyse
comparative montre que la distorsion harmonique du courant de phase et les ondulations de



couple sont améliorés avec le RPP, mais l'efficacité et les densités de puissance du prototype
propos¢ ne montrent pas d'améliorations en termes d'efficacité et de densité de puissance du
systeme global. Cependant, il est a noter que le prototype virtuel développé dans ce mémoire
de maitrise se veut une preuve de concept et qu'aucune amélioration de l'efficacité et de la
densité de puissance n'a encore été apportée. Cela étant dit, des options existent pour amener
l'efficacité du systéme et la densité de puissance en avance sur l'art antérieur.

En conclusion, le RPP proposé et son systéme sont une technologie prometteuse, en particulier
pour le fonctionnement a haute vitesse et a haute densité de puissance d'un PMSM.

Mots-clés : aviation, propulsion, électrique, résonance, convertisseur



Design of a Resonant Converter for a Permanent Magnet Synchronous Machine

Jean-Frangois BISSON

ABSTRACT

This research project initially started with the hypothesis that the resonant behavior of a RLC
circuit could improve the operation of a Permanent Magnet Synchronous Machine. The idea
of this research project is to connect a capacitor in series to each motor phase during high-
speed operation, turning the phase electrical circuits into a RLC circuits. The capacitor would
be sized specially for the natural frequency of the resulting RLC circuit to match the electrical
frequency of the motor at the desired operation speed. Because of the motor Back-EMF, it was
found that the capacitors need to be pre-charged in order to provide the required electrical
energy to the motor.

This thesis presents in the first place the properties of the electrical resonance that could be
valuable to benefit from and presents a high-level concept of converter that could allow to take
advantage of the properties of the electrical resonance during operation of a Permanent Magnet
Synchronous Motor (PMSM). Then, this thesis documents the elaboration and detailed design
of the converter. The three main aspects covered in the detailed design are: the power
electronics circuit of the resonant converter, the control electronics and the control algorithm.
In the third place, the simulation model is presented, as well as the simulation results
demonstrating the functional capabilities of the resonant converter. Finally, the simulation
results are analyzed in details and conclusions about the advantages and disadvantages of the
proposed resonant converter are enumerated.

The simulation of the concept of resonant converter, named Resonant Power Processor (RPP),
shows that the control algorithm and electronic circuit of the RPP successfully operate a
PMSM at high speed and high torque simultaneously, with low THD phase current and low
motor torque fluctuations. Taking advantage of the dynamic behavior of the RLC circuits of
the motor phases and the recharge cycle, the RPP allows to reach 263% of the power achievable
with the same battery voltage of 320V and generates a Line-Line voltage of 485.7Vrms with a
battery voltage of 320V. The system successfully operates the PMSM at 5400 rpm and 14 N.m
of output torque.

The performances of the proposed system have been compared to a baseline system which
consists of boost DC-DC conversion stages and a 3-Level inverter. The comparative analysis
shows that the phase current THD and torque ripples are improved with the RPP, but the
efficiency and power densities of the proposed prototype do not show improvements in terms
of efficiency and power density of the global system. However, it is to be noted that the virtual
prototype developed in this master’s thesis intents to be a proof of concept and that no
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efficiency and power density improvements have been done yet. This being said, options exist
to bring the system efficiency and power density ahead of the prior art.

In conclusion, the proposed RPP and its system is a promising technology, especially for high
speed and high-power density operation of a PMSM.

Keywords : aviation, propulsion, electric, resonance, converter
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INTRODUCTION

Global warming nowadays pushes the political and industry leaders to adopt renewable energy
sources and electrified propulsion systems instead of fossil fuel based technologies. The energy
providers and automotive manufacturers around the world are accelerating their investments
in the development of green technologies. However, one of the most fossil fuel consuming
industry, the commercial aviation, does not have the technology required to completely
electrify their products yet. Two main blockers exist that currently prevents the electrification
of the aviation at a large scale. First, the energy density of the batteries is currently insufficient
to carry the required energy for long-haul flights. Weight is an important parameter in aviation
and unfortunately nowadays the superior efficiency of electrodynamic systems compared to
the jet fuel turbine engines is not sufficient to palliate for the lack of energy density of the
Lithium-Ion batteries. Also, unlike jet fuel which is being burned along the way, the battery
weight remains airborne from take-off to landing, which adds to the complexity of the weight
problem. Fortunately, research is ongoing on the batteries side and new technologies emerge
on a yearly basis. The second blocker is the power density of the electrodynamic propulsion
systems. Modern aircraft propulsion systems get their high power densities from their fast
rotational speeds. From previous publications, it has been found that the best efficiency and
best power density belongs to the permanent magnet synchronous machine (PMSM).
Operating a PMSM at high speed has many challenges. First, for a fixed battery voltage, the
speed range in which the maximum torque is available is limited by the motor’s back-EMF,
which is directly proportional to speed and opposes to the phase voltage. Once the back-EMF
exceeds the input voltage, maximum torque is not achievable anymore and speed increase is
only possible by reducing the torque using field weakening control. Due to the nature of the
aeronautical torque loads, which increase with rotational speed, field weakening control is not

a suitable solution.

The research project presented in this master’s thesis started from the hypothesis that electrical
resonance could help improving the performances of a PMSM based electrodynamic system.

The dynamic behavior of the electrical resonance has properties that could be interesting to



benefit from in order to improve the performances of a PMSM drive. First, the electrical
resonance has an oscillatory behavior that is compatible with Alternative Current (AC) drives.
Effectively, battery powered automotive must convert the DC current from the battery to AC
current to the motor. This is typically done by an inverter alone, but resonance could assist the
inverter in shaping the phase current in a sinusoidal waveform. Second, the electrical resonance
phenomenon can store energy under the form of voltage in a capacitor or under the form of
current in an inductance. The stored energy in the form of capacitor voltage may be added to
the motor phase voltage to increase its magnitude, and therefore allow for a wider speed range
at maximum torque operation. Finally, the unitary power factor of a RLC circuit at its
resonance frequency means that potentially no reactive power is consumed, which may

improve efficiency.

In order to verify the hypothesis that electrical resonance may improve the performances of a
PMSM drive, a novel resonant converter has been developed in this research project. First, a
preliminary concept of operation of the converter has been developed after analysis of the
properties of the electrical resonance. This preliminary concept consists of a converter that
matches a pre-charged capacitor to a motor phase in order to turn the phase circuit into a RLC
circuit. The capacitors are sized specifically for the natural frequency of the resulting RLC
circuit to match the electrical speed of the motor during operation at the desired speed. In order
to permanently have a recharged capacitor linked to all motor phases, a dedicated recharge
circuit needs to be implemented to recharge the discharged capacitors before they are
connected to a motor phase. The preliminary concept has evolved into a detailed concept of
converter. The detailed design of the converter consists of the power electronics, control
electronics and control algorithm. The detailed design has been successfully implemented
using off the shelf components, and the control algorithm has been synthetized in VHDL code
for implementation in a FPGA. The system has then been simulated using Matlab/Simulink
and the simulation results are shown in this master’s thesis. The results have been deeply

analyzed and the results analysis is presented as part of this work.



CHAPTER 1

REVIEW OF LITERACY

1.1 Electric machines in aviation

Aircrafts powered by electric motors are not common nowadays. Actually, manned electric
aviation is currently at its first steps. We could recently witness the world tour of the solar
powered electric aircraft Solar Impulse (2015-2016) and the crossing of the English Channel
by the Airbus E-fan electric aircraft (2015). However, the performances of both aircrafts are

still far from the performances of the turbofan powered commercial airliners.

In the past years, the use of electric powered drones has been rapidly increasing and the trend
is that it will be increasing in the future. Electric powered drones are electrical aircrafts,

however manned drones have not been seen on a large scale yet.

The main obstacle of large scale commercial electric aviation is the energy storage. Nowadays,
the specific energy density and volumetric energy density of the lithium-ion battery is about
875 KJ/Kg and 2.43 MJ/L respectively (“Lithium-ion battery,” 2021) and the specific energy
density and volumetric energy density of jet fuel A-1 is about 43200 KJ/Kg and 35 MJ/L
respectively (“Jet fuel,” 2021). However, considering that the efficiency of an electric motor
drive system is higher than the efficiency of aviation turbomachines, less energy must be
airborne. It is therefore mandatory that electric motor drive systems used in aviation both are
efficient and have high power densities, because those factors have a direct impact on the

airborne energy required for the trip.

Aeronautical propellers and fans must operate at high speeds to generate thrust, and the torque
load generated by a propeller or fan increases with speed. To ensure an optimal power density,
the electrical machine must operate at its highest torque and highest speed simultaneously. For
this reason, flux weakening control is not a suitable option for increasing the rotational speed

of a propeller or fan.



Many electric machine types are available. As examples, we have the induction machine (IM),
the permanent magnet synchronous machines (PMSM), DC machines (DC) and switch
reluctance machines (SRM). All of them have strenghts and flaws. The paper of Finken, Felden
and Hameyer (Finken, Felden & Hameyer, 2008) compares the performances of those 4 types
of electrical machines. It concludes that the permanent magnet synchronous machine (PMSM)
has the best efficiency and best power density amongst the other types of electrical machines.
Figure 1.1 shows a comparative table of the characteristics of different electrical machines.
Figure 1.2 shows the peak efficiency areas of the different electrical machines on the T-N

curve.

DC IM PMSM  SRM
power density ) ® Db © e very good
efficiency S b DD b & good
COsts <5, SL>, S, &5, © neutral
reliability o O ®© D bad
technical maturity g P ® ® &5 very bad
controlability, costs | ©&& © D o

Figure 1.1 Comparative table of the characteristics of electric machines
Taken from Finken et al. (2008)

>
>

Torque (Nm)

speed (rpm) 5

Figure 1.2 Peak efficiency areas of the electrical machines
Taken from Finken et al. (2008)



Because of their superior efficiency and power density, the PMSM appears to be the best
candidate for aeronautical applications. Additionally, the peak efficiency area of the PMSM is
at the highest torque amongst the other types of electric machines, which may ultimately
benefit the power density criteria. The electric powered drones are typically equipped with

brushless DC motors, which are PMSMs.

It is to be noted that the reliability of the PMSM is rated neutral (Finken et al., 2008). Safety
and reliability are the most important factors to consider in the aviation industry. Successful
commercial aviation can only exist with nothing but the best safety and reliability standards.
The present thesis does not deeply cover the safety and reliability aspects of the system.
However, as the safety and reliability of a PMSM may be improved by design, many other
non-functional aspects in the aviation industry ensure that the safety and reliability
requirements are met, including quality control, design processes and certification processes.
For those reasons, it is reasonably estimated that PMSMs can achieve the levels of safety and

reliability required by the civil aviation.

1.2 The Permanent Magnet Synchronous Machine (PMSM)

The permanent magnet synchronous machine (PMSM) is typically powered by three-phased
AC current. Its design consists of a stator made of electrical wire coils and magnetically
permeable material, and a rotor including permanent magnets. A rotating magnetic field is
generated by the AC current circulating in the stator, which attracts the permanent magnets
installed on the rotor. The interaction between the stator magnetic field and the permanent
magnets magnetic field generates the torque at the shaft. As the magnetic field of the permanent
magnets is fixed, the stator currents determine the torque. The frequency of the AC current
circulating in the rotor determines the rotor speed, as the stator and rotor magnetic fields are
synchronized. The machine is therefore called synchronous. Figure 1.3 shows a cut view of a

permanent magnet synchronous machine.



Figure 1.3 Cut view of a 4 pole pairs PMSM

1.2.1 The electrical circuit of the PMSM stator

The electrical circuit of the PMSM stator consists of 3 phases. Each phase has a Back-EMF
(Ex), a phase resistance (Rs) and a phase inductance (Lx). When the motor is connected in
“Wye” configuration, the phases are connected to a common point called the neutral (n). Figure
1.4 shows a schematic of the PMSM stator electrical circuit connected in “Wye” configuration.
One alternative way of connecting the motor phases in in “Delta” configuration. Delta
configuration makes the phase voltage equal to the line-to-line voltage but removes the neutral

point. The sub sections below explain the features of the phase circuit.
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Figure 1.4 Schematic of the PMSM stator electrical circuit

1.2.1.1 The phase resistance (Rs)

The phase resistance is the resistance of the copper wires that form the stator coils. The phase
resistance increases with temperature. Resistance is calculated in Equation (1.1) and resistivity
factor is calculated in Equation (1.2). Resistance is function of wire section area S, wire length
[ and resistivity factor p. The resistivity factor p is function of the resistivity factor at 0°C po,

the temperature coefficient & and the wire temperature 7° in °C.

p-l (1.1)

R="—+
S

p=po-1+a-T°) (1.2)
In order to minimize the copper losses in the machine, it is better to minimize the stator

resistance by sizing the wires accordingly and by ensuring proper cooling of the electric

machine.



1.2.1.2  The phase inductance (Lx)

The phase inductance is the inductance of the motor phase coil which generate the magnetic
fluxes of the stator. The phase inductance may be independent of the rotor position in the case
of a non-salient poles machine or may vary with rotor angle in the case of a salient poles
machine. The variation of inductance on a salient poles machine is because the reluctance of
the magnetic circuit coupled with the stator coils varies as a function of rotor angle. As shown
in equation (1.3), the inductance is function of the number of coil turns N squared and the

inverse of reluctance .

N2 (1.3)

The phase inductance has a fixed component (non-salient inductance) and a component that
varies with the rotor angle (salient inductance). The phase inductance matrix [Lss] is calculated
in equation (1.4), the non-salient inductance matrix [Lsso] in equation (1.5) and the salient
inductance matrix [Lss2] in equation (1.6). Lso is the self inductance, Lumo is the mutual
inductance, @1is the rotor angle in rad, Ls: is the saliency constant and Pp is the number of pole

pairs.
[Lss] = [Lsso] + [Lss.] (1.4)

Lso  Lmo Lmo (1.5)
[Lsso] = (Lmo Lso Lmo
Lyo Lmo Lso



[Lss2] (1.6)
=Ly
T T
COS(ZPPGmotor) COS(ZPP emotor - ?) COS(ZPPemotor + ?)
21 21
) COS(ZPPemotor - ?) COS(ZPPemotor + ?) COS(ZPPBmotor)
2m 21
_COS(ZPPemotor + ?) COS(ZPP emotor) COS(ZPPemotor - ?)_

From the equations (1.4) to (1.6), and considering a balanced three-phased current, one finds

the matrix of the phase inductance Lx in equation (1.7).

3 1.7
Lso — Lyo — ELSZCOS(ZPPHmotor) (1.7

L 3 21
ib =|Lso — Lmo — ELSZCOS(ZPPHmotor - ?)
¢ 3 21
_LSO - LMO - ELSZCOS(ZPPGmotor + ?)_

1.2.1.3 The Back-EMF (Ex)

The Back-EMF is counter electromotive force induced in the stator coils because of the rotation
of the rotor magnetic field. The rotor magnetic field, from the point of view of the stator coils,
is function of the rotor angle 6. As per Faraday’s law (1.8), the counter electromotive force
induced in a coil is function of the number of coil turns N and the gradient of the magnetic flux
Wi through the coil. For the purpose of simplifying the equations, the number of stator coil
turns is embedded in the rotor flux linkage ¢- as shown in Equation (1.9). One may interpret
the rotor flux linkage ¢- as being the rotor flux W if the stator coil had only 1 turn. Assuming
a sinusoidal Back-EMF profile, the matrix of the three-phased rotor flux linkage [¢] is
calculated at equation (1.10) where @ peak is the amplitude of the alternating rotor flux linkage
¢-. The matrix of the three-phased Back-EMF is calculated at equation (1.11), where @moror is

the rotor angular speed in rad/sec. The Back-EMF constant Ksemr includes the constants that
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define the amplitude of the Back-EMF as shown in equation (1.12). One can observe that the
Back-EMF amplitude is directly proportional to the motor speed.

d¥,
dt
¢y =N ¥, (1.9)
COS(PPemotor) (1-10)
Par pg 2T
Opr| = gDTpeak COS( PYmotor 3)
Per 21
lCOS(PPHmotor + ?)J
Sin(PPHmotor) ] (1-1 1)
Ea Par 21
d i -
= ——|¥Pbr | = Wmotor * Kpemr Sin(PpOmotor 3 )
E. dt Per 21
Sin(PPgmotor + ?)
Kpemr = By - Prpeak (1.12)

1.2.1.4 The Electromagnetic Torque

The electromagnetic power developed by the motor is the product of the Back-EMF and the
phase current. Neglecting the mechanical losses, one finds in equation (1.13) that
electromagnetic power equals the product of torque and speed. The combined torque generated

by each phase of the motor makes the electromagnetic torque 7g as shown in equation (1.14).

ElI=Tq w (1.13)
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i - 21 1.14
Tq - KBEMF ' (Ia ' Sln(Ppgmotor) + Ib *sin <Pp9motor - ?) ( )

+ I - sin(B,Omotor + 2n/3)>

1.2.2 Mathematical model of the PMSM

The matrix of the three-phased stator phase voltage [vw:] can be found at equation (1.15) and
the matrix of the three-phased magnetic flux linkage [ ¢x] can be found at equation (1.16). The
magnetic flux linkage is the sum of the stator magnetic flux generated by the stator currents

and the rotor flux linkage which can be found at equation (1.10).

Van Iy I.] [Ea (1.15)
[vbn =R, - I|+ [LSS] X a I,| + |Ep
vcn Ic IC EC
Pa I] [9ar (1.16)
Pp| = [LSS] X Ib + | Por
Pc Ic PDer

The matrix of the three-phase stator voltage become in its most familiar expression at equation

(1.17).

[Van I, Pa (1.17)
Ubn| =Rs - |Ip| +—|¥Pp
VUen Ic at Pc

1.2.2.1 Mathematical model of the PMSM in the d-q axis

In order to use the field-oriented control on the PMSM, the mathematical model of the PMSM
must be transformed into the direct and quadrature axis model. This is done using the Park
transform. The Park transform is a combination of the Clarke or Concordia transform to the
of} axis and a rotation operation. Equation (1.18) shows the Clarke transform and the equation
(1.19) shows the Concordia transform. One may use Clarke transform to maintain the voltages

and current amplitudes, or the Concordia transform to maintain the torque and power values.
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From this point, the Clarke transform will be used to the oy axis, unless otherwise specified.
The rotation operation is shown at equation (1.20). The d-q axis model puts the direct axis is
in line with a rotor permanent magnet, and the quadrature axis is between 2 rotor permanent
magnets. The x parameters may be voltage, current or magnetic flux linkage and 0 is the rotor

angular position in rad.

1 -1/2 =1/2] [xq (1.18)
X 2
[x ]:§ V3 V3 '[xb]
S L N
1 -1/2 =1/2] 1x, (1.19)
Xg 2
[xﬁ]: 3’ V3 V3 '[xb]
* 7 Tl
[xd]:lCOS(Ppemotor) Sin(Ppemotor) _[xa] (1.20)
*q —Sin(PyOmotor) €OS(Bpbmotor)| 8

One can transition between the three-phased model and the d-q axis model using the transforms

and the inverse of the transforms.

. Xa . Xd
Xp | =Clarke or Concordia= [xﬁ] =Rotation=> [xq]

X
- ‘ Xg ) a
=Inverse rotation= [xp] =Inverse Clarke or Inverse Concordia = [xb]
xC

The equations (1.21) and (1.22) calculate the stator inductances in the d-q axis model and the
equations (1.23) and (1.24) calculate the magnetic flux linkage in the d-q axis model. It is to
be noted in equations (1.21) and (1.22) that the g-axis inductance is greater than the d-axis
inductance. If the d-axis inductance is greater than the g-axis inductance, equations (1.21) and

(1.22) are permuted.
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1.21
Lqg=Lgo—Lyo — ELsz (121)
3 1.22
Ly = Lgo — Lyo + ELsz (122)
Pa = Lala + @r ey, (1.23)
g = Lql, (1.24)

The matrix of the three-phased stator voltage at equation (1.15) becomes the matrix of the
stator voltage in the d-q axis model at equation (1.25). The equations of the stator voltages in

the d-q axis model may also be represented as per equations (1.26) and (1.27).

vay ] . d [0 (1.29)
[vq] = ks Iq] + dt %]
dpg (1.26)
vg = Rgly — PPwmotor(pq + 7
do (1.27)
Vg = Rslq + PpWmotorPa + d_tq

It is to be noted that in steady state operation, the gradients of d-axis flux linkage and g-axis
flux linkage are null. Therefore, in steady state operation, the equations of the stator voltages
in the d-q axis model may be represented as per equations (1.28) and (1.29).

Vg = Rslqg — PpmotorLqly (1.28)

Vg = Rglg + PpwmotorLala + PPwmotor¢rpeak (1.29)
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1.2.2.2  Electromagnetic torque in the d-q axis

The electromagnetic torque 7q of the PMSM in the d-q axis model can be calculated using the
equations (1.30) or (1.31) as they are equivalent.

3 1.30
Tq = Epp(‘»odlq — ¢qla) (1.30)

3 (1.31)
Tq = EPp ((Ld — L)l + <pfmax) I

1.2.3 Losses in the PMSM

The PMSM acts as a converter, as it converts the electrical power into mechanical power. In
every power conversion, energy is lost and therefore the efficiency of the conversion process
cannot reach unity. The PMSM makes no exception to this principle, as the motor input
electrical energy exceeds the output mechanical energy. Inversely, when the PMSM is used as
a generator, the input mechanical energy exceeds the output electrical energy. The energy
losses in a PMSM are due to different phenomenon, either electrical, magnetic or mechanical.
In order to be as efficient as possible, the losses must be minimized. The following section

reviews the different types of energy losses in a PMSM.

1.2.3.1  Copper Losses

The copper losses are the resistive losses generated by the phase currents in the stator. Those
losses are called copper losses because the electrical conductors of the PMSM stator are
typically made of copper. The copper losses are function of the electrical resistance and current
squared as expressed in equation (1.32). As per equations (1.1) and (1.2), the electrical
resistance is function of the section area of the electrical wire, the length of the electrical wire
and the temperature of the copper wire. It is to be noted that in a PMSM, the current is of
sinusoidal shape and therefore the current is not constant over time. For this reason, the root

mean square (rms) value of the current will be used as per equation (1.33). If equation (1.33)
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represents the losses of a single phase, then it must be multiplied by 3 to get the total copper
losses in the PMSM.

Pgy, = R(I? (1.32)
o Relpear _ p, (133)
Cu — — Ntsirms
V2

1.2.3.2 Iron losses

There are 2 distinct types of iron losses; the Eddy current losses and the hysteresis losses. The
Eddy current losses (Wildi, T., 2003) are the resistive losses due to the induction of current
loops in the stator. As seen precedingly at equation (8), a varying magnetic flux will induce a
voltage in a closed loop circuit proportional to the gradient of the magnetic flux through the
closed loop. As the magnetic field in PMSM is rotating, the magnetic field from the stator point
of view is alternating. If the stator material is electrically conductive, the alternating magnetic
field in the stator generates alternating current loops which in turn generates Eddy current
losses. Eddy losses are dissipated under the form of heat in the stator and the rotor. Eddy
current losses may be significantly reduced by building the stator and the rotor with thin layers
of sheet metal electrically isolated from each other. This makes a discontinuity in the eddy
current loops and therefore reduce the intensity of the eddy currents in the stator. It is to be
noted that as the rotor rotates synchronous with the magnetic field, the magnetic field from the
point of view of the rotor is steady and therefore the Eddy current losses in the rotor are mainly
due to the current harmonics, which generate the alternating magnetic flux in the rotor (Liang,
Li, Qu, Zheng, & Song, 2015). Figure 1.5 shows how Eddy currents are generated with relation

to magnetic flux variations.
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Figure 1.5 Eddy currents in a metal sheet due to varying magnetic flux
(1) The permanent magnet is not moving; no Eddy current is
generated. (2) The permanent magnet moves towards the metal sheet;
the magnetic flux through the metal sheet increases, and clockwise
Eddy currents are generated. (3) The permanent magnet moves away
from the metal sheet; the magnetic flux through the metal sheet
decreases and counter-clockwise Eddy currents are generated

The hysteresis losses are the losses due to the change in direction of the magnetic domains in
the magnetically permeable material of the stator. Ferromagnetic materials have a
microcrystalline structure in which many magnetic domains exist. When no external magnetic
field is present, the magnetic domains cancel each other. When an external magnetic field is
applied, the magnetic domains gradually align with the external magnetic field, allowing a
greater magnetic induction in the material. When the magnetic field in the material reaches its
saturation value Hs, all the magnetic domains are aligned and then we achieve the maximum
magnetic induction Bs. After bringing a ferromagnetic material to its maximal induction, if the
external magnetic field is removed, the magnetic domains do not all come back to their original
orientation and therefore a remanent magnetic field is still present. In order to remove the
remanent magnetic field, an external magnetic field of value Hc must be applied in the opposite
direction. This cycle is called the magnetization cycle. The dissipated energy during the
magnetization cycle is equal to the surface contained in the hysteresis loop. This amount of
energy is dissipated in the form of heat at every hysteresis cycle (Bailon & Dorlot, 2000).

Figure 1.6 shows a typical hysteresis loop of a ferromagnetic material.
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Figure 1.6 Typical hysteresis loop of a ferromagnetic
material

The theoretical calculation of the iron losses may be possible for simple magnetic circuit
geometries where the magnetic fluxes can be easily predicted. However, for complex
geometries and magnetic fluxes distribution, it may be difficult to evaluate. Nowadays, finite
element analysis is a powerful tool to simulate the magnetic flux in complex geometries and
under varying operating conditions. The paper from L. Ma, M. Sanada, S. Morimoto and Y.
Takeda (Ma, Sanada, Morimoto & Takeda, 2003) proposes the equation (1.34) to calculate the

iron losses in a finite element.

P, = P, + P, = &,(f/100)B% + €,(f/100)2B2 (1.34)

Where £ is the total iron loss, Ps is the hysteresis loss, Pe is the Eddy current loss, €n is the
hysteresis loss coefficient at 100 Hz, &e is the Eddy current loss coefficient at 100 Hz and o is
a constant function of the hysteresis loop characteristics. Bm is the magnetic field and £is the
frequency in Hz. From equation (1.34), it is possible to observe that the iron losses due to the

fundamental frequency of the motor are function of the motor speed and motor speed squared.
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Also, it is possible to observe that high amplitude and frequency harmonics may generate a

significant amount of iron losses.

1.2.3.3 Mechanical losses

The mechanical losses are the losses which are not caused by electromagnetic phenomenon.
As examples, we can count among the mechanical losses the friction losses of the bearings,

the cooling ventilation, parasitic losses or vibrations.

1.3 Power supply of the PMSM

A PMSM is an alternating current electrical machine. However, in automotive vehicles, the
electrical energy storage is typically done using a battery or a fuel cell, and both electrical
energy storage technologies provide DC power. Therefore, a device to convert DC power into
AC power is required between the battery and the motor in order to properly supply the
electrical power to the PMSM. As mentioned earlier in section 1.2.1.3, as the speed of the
PMSM increase, the back-EMF increase and more input phase voltage is required to feed
current into the machine. To reach high torque at high rotational speeds, it is possible that the
DC voltage of the energy storage device needs to be increased. For this reason, one will assume
that the prior art DC to AC converter is made of two distinct components: a DC-DC step-up

converter and an inverter.

1.3.1 DC-DC Step-Up Converters

The purpose of a DC-DC Step-Up converter is to increase the DC link voltage above the DC
voltage of the energy storage device. The paper of K. M. Choo and Al. (Choo, Won, Hong,
Lee & Won, 2017) demonstrate that an optimized DC voltage modulation according to the
operating condition of the PMSM may reduce the torque ripples of the PMSM, the THD of the
phase current and the switching losses in the inverter. Also, (Choo et al., 2017) shows that the
dynamic control of the PMSM may be enhanced by modulating the DC-link voltage
adequately. Despites the fact that a DC-DC Step-up converter may improve some of the
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characteristics of the electrodynamic system, the DC-DC converter generates power losses. As
the main objective is to improve the global efficiency of the electrodynamic system, a trade-
off may be required between the step-up capability of the converter and the energy storage
device voltage. The paper of Estima and Marques Cardoso (Estima & Marques Cardoso, 2012)
compares the performances of a PWM inverter supplied by a high voltage DC battery and the
performances of a PWM inverter supplied by a low voltage battery and a step-up DC-DC
converter. Both configurations are used to power a non-salient poles PMSM. This paper
concludes that it is better to operate the DC-link at a voltage close to the battery voltage in
order to minimize effect of the DC-DC conversion losses on the total system efficiency. The
paper of Yamamoto, Shinohara and Makishima (Yamamoto, Shinohara & Makishima, 2002)
makes the same comparison with a salient poles PMSM. It concludes that in the constant torque
region where the nominal voltage of the battery is high enough to reach maximum torque, the
total system efficiency is lower when using the voltage booster because of the DC-DC

conversion losses.

The DC-DC step-up conversion may bring interesting advantages in terms of power density
when it is difficult to increase the battery voltage, because of technology or safety reasons.
However, it is preferable to minimize the conversion losses by setting the nominal battery
voltage to the optimal operating DC link voltage for the PMSM, if the operating condition of
the PMSM is known and stable.

1.3.2 DC-DC Step-Up Converter topologies

Many topologies of step-up DC-DC converter exist. Amongst the most popular, one finds the
Buck converter, the Boost converter and the Buck-Boost converter. The Buck converters are
not interesting when targeting high power operation as they limit the available power. The
Buck-Boost converter may be interesting for targeting peak efficiency in a wider range of
PMSM speed of operation. However, as per the paper of Joseph, Patel and Pathak (Joseph,
Patel & Pathak, 2018), the Boost converter has a superior efficiency compared to the Buck-
Boost converter. Therefore, if the main operating condition of the PMSM is at high speed, it is

better to choose a Boost converter if the Battery voltage itself cannot be increased.
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1.3.2.1 Basic Boost Converter topology

The Basic Boost converter accumulates energy in the inductance L when the transistor Tdc is
energized and liberates the accumulated energy in the load when the Tdc transistor is OFF.
The Capacitor C damps the voltage oscillations at the inductance output. The Basic Boost
Converter can be found in Figure 1.7 and the theoretical conversion ratio of the Basic Boost

converter as a function of duty cycle D can be found at Equation (1.35).

Figure 1.7 Basic Boost converter topology

Vae 1 (1.35)

1.3.2.2  Interleaved Boost Converter Topology

The Basic Boost converter can be connected in parallel with other Basic Boost converters to
create the Interleaved Boost converter. The paper of A. Thiyagarajan, S. G. Praveen Kumar
and A. Nandini (Thiyagarajan, Praveen Kumar & Nandini, 2014) makes the comparison of the
performances between a Basic Boost converter and an Interleaved Boost converter. They find
that Interleaved Boost configuration reduces the voltage fluctuations at the converter output,
increase current output and improve efficiency. However, the Interleaved Boost conversion

ratio is the same as the Basic Boost Converter ratio.



21

1.3.2.3 Tandem Boost Converter Topology

The paper of N. Boujelben, F. Masmoudi, M. Djemel and N. Derbel (Boujelben, Masmoudi,
Djemel & Derbel, 2017) makes the comparison of the performances between a Basic Boost
converter and a Tandem Boost converter. They find that the Basic Boost converter can be
connected in series with other Basic Boost converters in order to increase the conversion ratio
and efficiency. However, the Tandem Boost converter cannot increase the output current. The
theoretical conversion ratio of the Tandem Boost converter as a function of duty cycle D can
be found at equation (1.36) below, where n is the number of Basic Boost converter connected

1n series.

Vac _ 1 (1.36)
Vi (1-=D;)-(1=Dp)..-(1=Dy)

1.3.2.4 Improved converter topology for high voltage gain

P. Nandankar, A. Dasarwar, G. Karache propose in their paper (Nandankar, Dasarwar &
Karache, 2018) an improved topology of DC-DC converter with a high voltage gain and
conversion efficiency up to 14% above the Basic Boost converter. Their improved DC-DC
step-up converter topology can reach a conversion ratio over 20 at an efficiency above 97%.
The proposed topology in (Nandankar et al., 2018) can be found in Figure 1.8 below. The
theoretical conversion ratio of the improved converter topology as a function of duty cycle D

can be found at Equation (1.37).
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Figure 1.8 Improved converter topology
Adapted from Nandankar et al. (2018)

Vae 3-D (1.37)

1.3.3 Inverters

The role of the inverter is to convert the DC link voltage into alternative voltage in order to
power the AC electric machine. Amongst the inverter topologies used in the industry
nowadays, one finds the 2-Levels inverter topology and some Multi-Level inverter topologies.
The Multi-Level inverter can generate many voltage levels, and therefore improve the
resolution of the inverter output voltage. The selection of an inverter topology for a given
application is of primordial importance to improve the efficiency of the electrodynamic system.
Aside its own conversion efficiency, the inverter influences the efficiency of the electric
machine, mainly because of the current harmonics generated by the DC-AC conversion (Liang

et al., 2015), (Itoh, Sato & Tanaka, 2012).
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The Multi-Level inverter has numerous advantages over the Two-Level inverter. Amongst the
advantages are the reduction of the current harmonics in the electric machine (Liang et al.,
2015), (Narnik, Singla & Sharma, 2012), (Itoh et al., 2012), (Haris, Pathak & Agarwal, 2014),
reduction of EMI emissions (Haris et al., 2014), the reduction of the switching losses (Liang
et al., 2015), (Tiapkin, Volkov & Tiapkin, 2017), (Haris et al., 2014) and reduction of voltage
stress on the switches (Haris et al., 2014). On the other hand, the Multi-Level inverter has some
disadvantages compared to the two-level inverter, including the increased complexity and

increased cost (Narnik et al., 2012).

Nowadays, the Multi-Level inverters are not commonly used in the industry, as they are
complex and costly for the common requirements for operating an AC drive. However, the
Three-Level inverter has significant advantages over the Two-Level inverter. For a given
switching frequency, the Three-Level inverter generates lower current harmonics compared to
the Two-Level inverter, therefore improving the efficiency of the electric machine (Liang et
al., 2015). The THD can be improved further by increasing the switching frequency of the
multi-level inverter, at the cost of additional switching losses (Itoh et al., 2012). As mentioned
previously in this section, Lower EMI emissions and reduction of voltage stress on the switches

are other advantages of the Three-Level inverter over the Two-Level inverter.

Figures 1.9 and 1.10 below show the comparison of the output voltage of the Two-Level and
Three-Level inverters. It is possible to observe that the output voltage of the inverter becomes

smoother as the number of levels increase.
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Figure 1.9 Output voltage of a Two-Level inverter
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Figure 1.10 Output voltage of a Three-Level inverter

One may conclude that for a high speed PMSM drive, it is preferable to use a Multi-Level
inverter as they reduce the current harmonics, which are increasingly generating irons losses
as speed increase. Also, as the Back-EMF of the PMSM increase with speed, the DC-link
voltage must be increased accordingly, which results in higher voltage stress on the switches
of the inverter. As mentioned earlier in this section, using a Multi-Level inverter reduces the

voltage stress on the switches.
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1.3.4 Inverter topologies
1.3.4.1 Two-Level inverter topology

The Two-Level inverter is the basic inverter configuration. It is made of 6 transistors and a
DC-link capacitor to absorb the voltage fluctuations caused by the switching of the transistors.
The output Line-Line voltage of the inverter varies between 3 values; [-Vdc, 0, Vdc] where

Vdc is the DC-link voltage. See Figure 1.11 for the Two-Level inverter topology.
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Figure 1.11 Two-Level inverter topology

1.3.4.2 Three-Level inverter topologies

The Multi-Level inverter topologies are mainly the Neutral Point Clamped, I-Type (NPC-I),
Neutral Point Clamped, T-Type (NPC-T), Flying Capacitor (FC) and H-Bridge (HB) (Tiapkin
et al., 2017), (Rodriguez, Bernet, Steimer & Lizama, 2010), (Narnik et al., 2012). The NPC-I,
FC and HB topologies have an architecture which theoretically allows for an unlimited number
of levels (Narnik et al., 2012). However, it has not been possible to find literature confirming
the existence of NPC-T type inverters with number of Levels higher than 3. Therefore, it is
deemed that the NPC-T type inverter is limited to Three levels. As the number of levels
increase, the complexity and the number of components also increase. Table 1.1 shows a parts
list for different Multi-Level inverter topologies as function of the number of Level m.

The paper of Tiapkin and Volkov (Tiapkin et al., 2017) compares the theoretical (simulated)
efficiency of the NPC-I and NPC-T Three-Level inverter topologies. It concludes that the
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NPC-I and NPC-T topologies have similar efficiencies, the NPC-T being slightly more
efficient at low switching frequency, and the NPC-I being slightly more efficient at high

switching frequency.

See Figure 1.12 for the Three-Level Neutral Point Clamped, [-Type (NPC-I) topology, Figure
1.13 for the Three-Level Neutral Point Clamped, T-Type (NPC-T) topology, Figure 1.14 for
the Three-Level Flying Capacitor (FC) topology and Figure 1.15 for the Three-Level H-Bridge
(HB) topology.

Table 1.1 Parts list of Multi-Level inverters as a function of Level m

Multi-Level Inverter Topology
Neutral Point Neutral Point Flying .
Composante Clamped, I- Clamped, T- Capacitor H-Bridge
(Note 1)
Type Note 1) Type Note 2) (Note 1)
Transistors (ote 1) 6(m-1) 12 6(m-1) 6(m-1)
Feedback Diodes (ot
6(m-1 12 6(m-1 6(m-1
N (m-1) (m-1) (m-1)
ClampingDiodemote 1) 3(m-1)(m-2) 0 0 0
DC-Link
Capacitors pee 1) (m-1) 2 (m-1) (m-1)/2
Balancing
Capacitors pee 1) 0 0 3(m-1)(m-2)/2 0

Note 1 — Information from (Narnik et al., 2012)
Note 2 — Topology limited to Three-Level
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Figure 1.12 Three-Level Neutral Point Clamped, I-Type (NPC-I)
Inverter Topology
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Figure 1.13 Three-Level Neutral Point Clamped, T-Type (NPC-T) Inverter
Topology



28

T11

T12

T41

_
—
—_

[ e
— T21 | —a
s —

31

—
.
—

T32

—
.
—

—
e
—

T42

el
[
[E—

[4
IS} BV | | A

T61

e

e
—

T62

e |
—
P

PRI RO || S

Figure 1.14 Three-Level Flying Capacitor Inverter Topology

w we ]

Vel

12 E}

JE}S

Vdc2

+
-@%

TQE

3

=

—
T52)+)

Vde3

+
=

=

T3

3

Figure 1.15 Three-Level H-Bridge Inverter topology




29

14 Losses in the semi-conductors

1.4.1 Losses in a diode

The role of a diode is to allow current flow in only one direction (from the anode to the
cathode), and to prevent current flow in the opposite direction (cathode to anode). The allowed
current direction is here referred as the Forward current and the blocked current direction is
here referred as the Reverse current. An ideal diode would have a null resistance or voltage

drop in forward direction and an infinite resistance or voltage drop in reverse direction.

As expected, the ideal diode does not exist and therefore a diode generates a voltage drop in
forward direction when the current flows in forward direction and allows a small amount of
reverse current when the voltage is applied in reverse direction. The voltage drop in forward
direction is a function of the forward current and diode temperature. The reverse current is a
function of the reverse voltage and the diode temperature. All diode models have different
characteristics. Therefore, the voltage drop in forward direction and the reverse current in
reverse voltage can typically be found in the data sheet of the diode model. Figures 1.16 and
1.17 below show respectively an example of the voltage drop characteristics and reverse
current characteristics of a commercially available diode (ON Semiconductor model

RHRG75120, https://www.onsemi.com/pdf/datasheet/rhrg75120-d.pdf).
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Figure 1.17 Reverse current in reverse voltage direction for
diode On Semi RHRG75120
(https://www.onsemi.com/pdf/datasheet/rhrg75120-d.pdf)

The equation of the power loss in a diode in the forward current direction can be found at

Equation (1.38) and the equation of the power loss in in a diode in the reverse direction can be

found at equation (1.39).
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PF_diode =Vp-Ip (1.38)
PR_diode = Vg I (1.39)

1.4.2 Losses in a Metal-Oxyde Semiconductor Field Effect Transistor (MOSFET)

A Metal-Oxyde Semiconductor Field Effect Transistor (MOSFET) behaves like a
unidirectional switch. In forward voltage direction, the MOSFET allows forward current only
when the MOSFET’s gate is energized and blocks the forward current when the MOSFET’s
gate is de-energized. Reverse current flow is allowed in a MOSFET because of the intrinsic

body diode.

The losses in a MOSFET, in forward current direction, consists of the turn-on losses, the
conduction losses, and turn-off losses. The switching losses is the sum of the turn on losses
and turn off losses. In reverse current direction, the losses are those of a diode as seen
previously in Section 1.4.1. The paper of H. Raee, A. Rabiei and T. Thirnger (Raee, Rabiei &
Thirnger, 2013) provides an explanation and a detailed model of the switching losses in a
MOSFET. The paper of X. Yu and P. Yeaman (Yu & Yeaman, 2013) proposes a simplified

switching losses equation as shown in Equation (1.40) below.

Pow = (1.40)

Vps * Ips ((QGD + Qgs/2) *Rg on  (Qgp + Qgs/2) - RG_off)
2 . + . fs

Vor = Vas(sp) Vessp)

Where Vbps is the voltage between the drain and source, Vpr is the voltage between the gate
and the source, Ips is the current through the drain and source, Qgp is the charge in the GD
capacitor, Qgs is the charge in the GS capacitor, R on and RG orrare the gate resistance during
ON and OFF transitions, fs is the switching frequency and Vassp) is the Voltage gate threshold
adjusted with temperature as per the Equation (1.41) below:
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Vesespy = Vasespyo * (1= ky - (T° = 25)) (1.41)

Where T° is the MOSFET temperature, Vgsspyo is the Vasspyat 25 °C and ki is a constant that
can be found using the MOSFET datasheet. See Figure 1.18 below for a schematic of the
MOSFET applicable to the switching losses calculation.

+
A
D
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VDS 77CDS
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\ J Y S

Figure 1.18 MOSFET model schematic

The conduction losses consist of the resistive losses caused by the intrinsic MOSFET’s
resistance in forward current direction. The intrinsic MOSFET’s resistance is known as

Rps(ony. The conduction losses equation can be found at Equation (1.42).
Peona = RDS(ON) ’ Igs (1.42)
The conduction resistance is function of Vas, Ips and MOSFET temperature. All MOSFET

models have different characteristics. The information to calculate the conduction losses can

typically be found in the MOSFET datasheet. As an example, see Figures 1.19 to 1.21.
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14.3 Losses in an Insulated Gate Bipolar Transistor (IGBT)

The Insulated Gate Bipolar Transistor (IGBT) is another semi-conductor device that can be
used as a unidirectional on-off switch, similarly to the MOSFET. However, unlike the
MOSFET, the IGBT does not have an embedded body diode and therefore cannot conduct in
reverse current direction. To allow reverse direction free wheeling current, a diode must be

added in parallel with the IGBT.

The losses in an IGBT, in forward current direction, consists of the turn-on losses, the
conduction losses, and turn-off losses. The switching losses is the sum of the turn on losses
and turn off losses. In reverse current direction, the losses are those of a diode as seen
previously in Section 1.4.1. The paper of Z. Chen, L. Yuan, Z. Zhao and X.Sun (Chen, Yuan,
Zhao & Sun, 2012) proposes the switching losses equation as shown in Equation (1.43) below.

~

Vac (1.43)

6
Poy, = p fs- (EON,I + EOFF,I) ' Vrer ires
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Where Psw is the switching losses, fs is the switching frequency, Eon,1 is the turn on energy
(typically found in the IGBT datasheet) and Eorr,1 is the turn off energy (typically found in the
IGBT datasheet), Vdc is the DC-link voltage, Vrer is the reference DC-link voltage 11 is the peak
AC current (assumed to be sinusoidal) and Irer is the reference AC current. The voltage and
current corrections in Equation (1.43) are because the switching losses are function of the
collector current in “ON” state and voltage across the IGBT (VcE) in “OFF” state. For the

instantaneous switching loss energy, the Equations (1.44) and (1.45) may be used:

Veg  Ic 1.44

Eonicer = (EON,I) V_f i . ( )
re re

Ve Ic 1.45

EOFF,IGBT = (EOFF,I) ) % . : i ; ( )
re re

Where Vce is the collector-emitter voltage and Ic is the collector current. It is to be noted that
the turn-off energy losses of the diode due to the reverse recovery process is embedded in the
turn-off energy definition. Figures 1.22 and 1.23 are examples on how the collector current

and collector-emitter voltage impacts the switching losses.
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Figure 1.23 Effect of collector-emitter voltage on
switching losses (NGTB40N120FL2WAGQG)
(https://www.onsemi.com/pdf/datasheet/
ngtb40n120f12wa-d.pdf)

The voltage and current corrections proposed in Equation (1.43) provide an approximation of

the effect of the collector-emitter voltage and collector current on the switching losses.
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Aside the collector-emitter voltage and collector current, the IGBT junction temperature and
gate resistance RG have an impact on the switching losses. Figures 1.24 and 1.25 show the

effect of the IGBT junction temperature and gate resistance R on the switching losses.
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Figure 1.24 Effect of IGBT junction temperature
on switching losses (NGTB40N120FL2WAG)
(https://www.onsemi.com/pdf/datasheet/
ngtb40n120f12wa-d.pdf)
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Figure 1.25 Effect of gate resistor on switching
losses (NGTB40N120FL2WAG)
(https://www.onsemi.com/pdf/datasheet/
ngtb40n120f12wa-d.pdf)
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The paper of Z. Chen, L. Yuan, Z. Zhao and X.Sun (Chen et al., 2012) proposes the forward

conduction losses and reverse conduction losses at Equations (1.46) and (1.47) respectively.

P cond,FWD = Vee " I¢ (1.46)

Pcond,REV =Vgc - Ip (1.47)

Where Peondpwp is the conduction power loss in forward direction (through the IGBT), Pcond,REV
is the conduction power loss in reverse direction (through the diode), Vce is the voltage drop
across the IGBT, Vkc is the voltage drop across the diode and Ic is the collector current. The
voltage drop across the diode and the IGBT are of similar nature and may be modeled using a

voltage bias and an internal resistance as per Equations (1.48) and (1.49) below.
Vee = Vego + Repo " Ie (1.48)
Vec = Vico + Reco " Ip (1.49)
Figures 1.26 and 1.27 below show the impact of IGBT temperature and gate to emitter voltage
(Vae) on the IGBT voltage bias and IGBT internal resistance. Figure 1.28 shows the impact of

diode temperature on the diode voltage bias and diode internal resistance. See Figure 1.29 for

a schematic of the IGBT model.
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1.5 PMSM Control

Nowadays Field Oriented Control (FOC) is the main control strategy used in the industry to
control PMSMs. The Field Oriented Control of a PMSM Drive requires a precise knowledge
of the rotor position and phase currents in real time. The rotor position is mandatory to calculate
the voltage and current vectors in the d-q space, and the phase currents are inputs to the d-q
axis current PI controllers that generate the output voltage commands to the inverter. For high
speed machines and high number of pole pair machines, the rotor position and phase current
data acquisition must be done at high frequency. Figure 1.30 shows the structure of a PMSM
Field Oriented Controller. It is to be noted that the structure of the PMSM FOC shown in

Figure 1.30 is a speed controller accepting a speed request @ . For torque control operation,

the speed control PI can be bypassed by accepting an external torque request Tq".
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Figure 1.30 PMSM Field Oriented Controller Structure
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1.5.1 Torque Control Algorithm

The Torque Control Algorithm accepts a torque request and schedules the phase currents for
the PMSM output torque to match the torque request. Equation (1.50) links the electromagnetic

torque command T4 to the current commands in the d-q space.

3 Y e 1.50
Tq = EPP((Pf + (Ld - Lq)‘d)lq (1:350)

An infinity of d-axis current and g-axis current combinations are possible to reach the
commanded torque. The d-axis Current Control determines the d-axis current command for a
given motor configuration and point of operation. The structure of the Torque Control

Algorithm is shown in Figure 1.31 below.

lg
T
qd d-axis
» Current >
Control Iq

-

2

N

Figure 1.31 Torque Control Algorithm

1.5.2 d-axis Current Control

The d-axis Current Control algorithm has an influence on the motor efficiency and

performance, depending on the motor configuration and motor operating conditions. The
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following section presents different d-axis Current Control strategies which improves the

motor performances when used with the proper motor configuration and operating condition.

1.5.2.1 Zero d-axis Current Control

The Zero d-axis Current (ZDAC) control strategy consists of fixing the d-axis current
command I4* to zero (I&" = 0). For surface mounted PMSMs, where typically the d-axis
inductance is equal to the g-axis inductance, no reluctant torque is generated by the difference
in d-axis and g-axis inductances. Therefore, it is useless to command d-axis current when
operating a surface mounted PMSM, unless field weakening operation is required to reach high
speed. The ZDAC command ensures that the only current consumed by the PMSM generates

torque, which allows to reach optimal efficiency.

1.5.2.2 Maximum Torque Per Amp Control

The Maximum Torque Per Amp (MTPA) control strategy consists of generating the d-axis and
g-axis current combination that minimize the amplitude of the phase current vector for a given
torque command. The paper of Morimoto, Sanada and Takeda (Morimoto, Sanada & Takeda,
1994) proposes Equation (1.51). Equation (1.51) determines the d-axis current command I4"
which ensures the maximum torque per amp as a function of the g-axis current command I

and PMSM characteristics.

(1.51)

. Qr ‘P]% 2
iy = — +1i
47 2Ly - La) \/4(Lq —Lg)"

The paper of Halder, Agarwal and Srivastava (Halder, Agarwal & Srivastava, 2015) compares
the efficiency of ZDAC and MTPA control strategies on a salient poles PMSM. They found
that for a given operating condition, the required phase current to reach a given torque is higher
when using ZDAC compared to MTPA. One may conclude that MTPA control improves the
efficiency of the PMSM compared to the ZDAC control.
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1.5.2.3  Field Weakening Control

When the PMSM speed increase, the impedance of the phase inductances increases
proportionally to the PMSM speed. Additionally, the Back-EMF, which opposes to the phase
voltage, also increase proportionally to the PMSM speed. It therefore comes a speed of
operation where the phase voltage is not enough to inject the maximum torque per amp current
in the motor phases. In order to increase the speed of the PMSM, Field Weakening operation
is required. Field Weakening operation use the d-axis current to reduce the magnetic flux
linkage ¢. Referring to equation (1.31), one can observe that the electromagnetic torque Te
decreases as the magnetic flux linkage decrease for a given phase current. Field Weakening
Control is also called constant power control. The paper of Zhao and Liang (Zhao & Liang,
2009) proposes the Equation (1.52) for the Field Weakening d-axis current command, where

Vmax 18 the maximum available phase voltage.

(1.52)

g () )

*
lg
Ly

1.5.2.4 Maximum Efficiency Control

The MTPA control provides a good efficiency. However, the maximum efficiency is not
achieved using MTPA control. The MTPA control ensures the maximum torque per amp but
not the maximum power per amp. The control strategy which ensures maximum power per

amp is called the Maximum Efficiency (ME) control.

The paper of Pohlenz and Bocker (Pohlenz & Bocker, 2010) compares the efficiency of MTPA
control and their proposed ME control applied to a salient poles PMSM. For this study, the
maximum efficiency of the IPMSM has been measured experimentally and the Is" and I
components are generated by lookup tables as a function of speed Wmotor and torque command
Tq". Despites that the MTPA and ME commands provide similar efficiencies, the ME
command creates a small flux weakening, which has the effect of slightly decreasing the torque

but slightly more increasing speed, which in turns generate more output mechanical power.
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Pohlenz and Bocker conclude that the increased efficiency of the ME control is due to the
reduction of core and iron losses made possible by the additional flux weakening current. The
ME control proposed by Pohlenz and Bocker improve the motor efficiency by a maximum of

0.3% in the lower half of the output torque range.

Figures 1.32 and 1.33 are taken from (Pohlenz et al., 2010). Figure 1.32 shows the efficiency
improvement of the proposed ME control compared to MTPA control over the torque range at
a speed of 2000 rpm. Figure 1.33 shows the efficiency improvement of the proposed ME

control compared to MTPA at various speeds.
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Figure 1.32 Efficiency vs torque for MTPA (MTPC) and ME
@ 2000 rpm
Taken from Pohlenz et al. (2010)
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The paper of Ni et Al. (Ni et al., 2015) proposes a model-based ME control. The iron losses of
the PMSM are calculated analytically from the Bertotti formula. Also, the effect of d-axis and
g-axis current on the d-axis and g-axis inductances, due to the magnetic saturation of the stator,
are considered. The ME control proposed in (Ni et al., 2015) improves the motor efficiency by
0.5% at low power and by 0.2% at rated power compared to MTPA control. See Figure 1.34
for a comparison between the efficiency of the proposed ME (MEPA) control in (Ni et al.,
2015) compared to the MTPA control.
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The paper of Guo et Al. (Guo et al., 2016) proposes a model-based ME control for a SPMSM.
The iron losses are analytically calculated from the Bertotti formula and the effect current
harmonics on the copper losses and iron losses is considered in the calculation of the total
losses of the SPMSM. The ME control proposed in (Guo et al., 2016) improves the efficiency
by approximately 0.4% in the low torque and high-speed region compared to the ZDAC
control. See Figure 1.35 for a comparison between the efficiency of the proposed ME control

in (Guo et al., 2016) compared to the ZDAC control.
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Figure 1.35 Difference between ME efficiency and ZDAC
efficiency
Taken from Guo et al. (2016)

1.6 Electrical Resonance

The electrical resonance is a phenomenon where the energy is exchanged between a
capacitance and an inductance at the natural frequency of the LC circuit. The capacitance holds
the energy in the form of voltage, comparable to mechanical potential energy. The inductance
holds the energy in the form of current, comparable to mechanical kinetic energy. The equation
of the energy contained in a capacitance can be found at equation (1.53) and the equation of
the energy contained in an inductance can be found at equation (1.54). It is to be noted that a

resistor does not accumulate energy, it only dissipates it.

2 1.53
Rty = 2% Y
- 1(t)2 (1.54)

2



49

1.6.1 Dynamics of the electrical resonance

A RLC circuit is composed of a resistance, an inductance and a capacitance connected in series.
The equations of the voltage at the terminals of each passive components of the RLC circuit
can be found at Equations (1.55) to (1.57) below. The voltage balance equation of the RLC
circuit can be found at (1.58) and the transfer function of the RLC circuit in the Laplace domain

can be found at equation (1.59). Vin is the input voltage of the RLC circuit and V,_ is the initial

voltage in the capacitor.

Va(t) =R-1(t) =R % (1.55)
al dq* 1.56
v =159 40 (1.56)
Ve(t) = %t) (1.57)
(t) dg*(t) _q(t) (1.58)
Z V=0= RG]
IO ! o r (1.59)
q(s) = L (s +a)? + w? + Iy G+a)ltaol
. S R qi=o _ 1
T Ai=o (s + a)? + w? L (s+a)?+ w?
Where:
a= £ (1.60)
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(1.61)

- o (x)
“=1t-c \aL

It is to be noted that m is the oscillatory frequency of the RLC circuit. If the resistance of the
RLC circuit is neglected, the transfer function of the LC circuit in the Laplace domain can be
found at equation (1.62) and the undamped oscillatory frequency at equation (1.63). The

undamped oscillatory frequency is also known as the natural frequency w,,.

_ Vin(s) 1 1 N S (1.62)
Qe=0"'2 + w2

(1.63)

In power electronic circuits, a basic design objective is to reduce the resistance in order to
minimize the copper losses. Therefore, the resistance may be neglected if it does not
significantly modify the LC circuit dynamic behavior. One can observe that the structure of
the transfer function at equation (1.62) makes the time domain representation of charge and
current with no external voltage and no initial current, and with the capacitor pre-charged (i.e.

qt=0 # 0) as per Equations (1.64) and (1.65).

q(t) = q¢=0.cos(w, - t) (1.64)
1) = dzi_gt) = —qt=0 * Wy, * Sin(wy, - t) (1.65)

The time domain undamped current follows a sinusoidal shape and the amplitude of the

oscillating current is q;—q * Wy,.
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1.6.2 Step response of the LC circuit

If a voltage step is applied to an inert LC circuit, the current oscillates around zero and the
capacitor voltage oscillates around the voltage of the DC source. One can observe that the
structure of the transfer function at equation (1.62) makes the time domain representation of

capacitor voltage as per Equation (1.66).

Vv
Vin(s) = %
Vi 1
q(s) = L s(s? + w3)
(t) = Vin_, (1 — cos(w - t))
1 L-w?

Ve(t) =V - (1 — cos(w - t)) (1.66)

Per the equation (1.66), the maximum capacitor voltage is twice the input voltage. When
considering the effect of the power dissipation by the resistor, one finds that the maximum
capacitor voltage is still greater than the input voltage when the RLC circuit in underdamped.

An example of the step response of an underdamped RLC circuit can be found at Figure 1.36.

1 /\
v AW _

Time

Figure 1.36 Step response of an underdamped RLC circuit
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1.6.3 Impedance of the RLC circuit

The impendence formula of the RLC circuit can be found at Equation (1.67). The impedance

of the RLC circuit is function of the AC frequency.

1.
ZRLC=R+i'(I)'L+ ( 67)

i-w-C

One finds that at low frequency, the impedance of the capacitance is the most significant,
unlike at high frequency where the impedance of the inductance is the most significant. If the
AC frequency is equal to the natural frequency of the RLC circuit as defined in Equation (1.61),
the impedance of the RLC circuit becomes only resistive as the impedance of the inductance
and the capacitor cancel each other. This behavior can be observed on the bode plot of the

transfer function of Equation (1.68).

I(s) s (1.68)

Vin(s)_L'SZ+R'S+%

One sees on Figure 1.37 that at the natural frequency of the RLC circuit, the phase shift
between the current and the input voltage is null and the gain is the DC gain of the RL circuit.

As the input voltage is in phase with the current, the power factor is 1.
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Figure 1.37 I/V Transfer Function Frequency Response of a RLC circuit with varying
resistors

1.6.4 Accumulation of energy in the RLC circuit

As already mentioned, the resistor dissipates the energy in the form of heat when current
circulates through it. However, for the following demonstration, the energy dissipation by the
resistor will be neglected. As shown on Equations (1.53) and (1.54), the capacitor and the
inductance can both store energy. Using equations (1.64) and (1.65) above, one finds that the
energy is exchanged between the capacitor and the inductance at the natural frequency of
Equation (1.63), and that the energy contained in the LC circuit is a constant which does not

vary in time. The mathematical demonstration is performed at Equation (1.69).

L-I(t)> L
Ei0) =" = 2 iy 0 sin(a, 1)
2 1
Ec(t) = qz(t)c =5.c (Ge=o - cOs(wy, * t))?

L-qg?, - w? 2_ 1.69
E,(t) + Eq(t) = Qt-zo no_ gt.-g ( )
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If an AC source, alternating at the natural frequency, powers the LC circuit, one can observe
on equations (1.70) and (1.71) that the amplitude of both charge and current increase with time,
and therefore the energy contained in the LC circuit also. When neglecting the resistance, the
energy accumulation is infinite. However, when considering the effect of energy dissipation in
the resistor, there is a point where the input power will be completely dissipated by the resistor
and the energy contained in the resonating RLC circuit will remain constant over time. The

steady state current amplitude of the RLC circuit is determined at equation (1.72).

Vin(t) =Vin- cos(a)n ’ t)

Vin s 1 V; s
)=~ Z o S a2 (Zron
L s?4+w? s?2+w2 L (s?+w?)
Vi _ 1.70
q(t) =ﬁ-t-sm(wn-t) (1.70)
I(t) = L (t - w, - cos(w, *t) + sin(w, - t)) (1.71)
2 . L . (l)n n n n
Vin (1.72)
Lnax = R
1.6.5 Applications of electrical resonance

Nowadays, many concepts and applications take advantage of the properties of electrical
resonance. The electrical resonance phenomenon is being used in DC/DC power conversion
(Lee, Kim, Jeong & Choi, 2016), (Van Den Bossche, Stoyanov, Dukov, Valchev & Marinov,
2016), (Mishima, Takeuchi & Nakaoka, 2011), (Rahman, Chiu & Hsieh, 2018), (Law, Cheng
& Yeung, 2005), (Eno, Thompson & Coppins, 2005), DC/AC power conversion (Hori &
Matsuse, 1999), (Marchesoni, Puglisi & Rebora, 1995), (Peng & Adams, 2000), (Peretz &
Ben-Yaakov, 2005), (Wei, Zhu, Bartarseh & Vaidya, 1998) and induction heating
(Pholsriphim, Nurach & Lenwari, 2017), (Fathy et al., 2005), (Saha, Lee & Nakaoka, 2006).
More related to the topic of this research project, electrical resonance is also used in powering
electrical machines. Amongst the previous art and previous research, electrical resonance has
been used to power switched reluctance motors (Alaee, Afjei & Ataei, 2007), (Benny Yeung,
2004), induction motors (Marchesoni et al., 1995), (Kapoor & Tripathi, 1996), (Murai,
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Ishikawa & Lipo, 1994), (Potter, Shirsavar & McCulloch, 2003), (Suh, Choi & Sul, 1996) and
permanent magnet synchronous motors (Shahbazi, Madani & Ebrahimi, 2009), (Kernstock &
Plassnegger, 2012), (Hucheng, Weiguo, Manfeng & Ruiqing, 2007), (Taniguchi, Saegusa &
Morizane, 2005).

Those concepts take advantage of the soft switching techniques made possible by the current
and voltage dynamics of the RLC circuit. Soft switching consists of switching the
semiconductors when the current is null (Zero Current Switching, ZCS) or when the voltage is
null (Zero Voltage Switching, ZCS). Typically, in soft switching resonant circuits, the
semiconductor switching open circuit is done at zero current, and the semiconductor switching
close circuit is done at zero voltage. As seen previously, the current and voltage in a resonating
RLC circuit are sinusoidal, and therefore reaches null current and null voltage naturally without
interrupting the energy input. Switching off the semiconductors during zero current condition
and switching on the semi conductors during zero voltage has the effect of reducing the

switching losses in the semiconductors.

It is obviously impossible to list and resume every thesis and research article written about
using the resonance phenomenon in power conversion or electrical motorization. The
references listed above consist of examples of research articles describing applications of
electrical resonance and do not consist of the exhaustive list of publications about using the
resonance phenomenon in power conversion or electrical motorization. It is to be noted that
despites the fact that all publications about the applications of electrical resonance could not
be referenced above, the unreferenced publications on this topic are not considered of lesser

value.






CHAPTER 2

DEFINITION OF THE PROBLEM

As previously seen, operating a PMSM at high speed and high torque represents a significant
technical challenge. PMSMs generate a Back-EMF which is function of speed, and this Back-
EMF opposes the phase voltage from the inverter. For a fixed voltage, once the battery voltage
is not sufficient to inject enough g-axis current to generate the maximum motor torque, the
PMSM control needs to be operated in field weakening current mode, which increase speed
but reduce torque. Typically, field weakening control maintains the PMSM output power,
which means that the motor torque shall decrease as the speed increase. When the PMSM is
used for an aeronautical propeller, the load increase with speed, and therefore field weakening
operation cannot reach the desired operating point, which is both at high torque and high speed,

as shown in Figure 2.1 below:

Torque and speed characteristics of PMSM and load Desired

operating
/ point

PMSM Torque

1.2

1 ®

0.8

Torque (p.u.)

0.4
Achievable

operating
point

0.2

4] 0.2 0.4 0.6 0.8 1 1.2
Speed (p.u.)

Figure 2.1 Torque and speed characteristics of the PMSM and the propeller load

To reach the desired operating point, the phase voltage must be increased to at least the voltage
of the Back-EMF at the desired operating speed. However, this has drawbacks. First,
considering a fixed battery voltage, the DC link voltage to the inverter needs to be increased
using a DC-DC converter. As mentioned previously, energy conversion, including DC-DC

step-up voltage conversion, generates losses and therefore reduce global efficiency of the
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system. Also, increasing the phase voltage generates more current harmonics, because the
PWM switching generates higher voltage steps which in turns generates higher current ripples.
To reduce the current harmonics in the PMSM, a multi-level inverter may be used. As
previously seen, the multi-level inverter generates multiple levels of phase voltage, which

improve the current harmonics in the motor.

When operating a PMSM at high speed, the resolution of the emulated voltage sine wave by
the PWM switching is reduced, and therefore current harmonics may become significant.
Pushing the PMSM speed further, one can understand that at some point, the benefits of the
multi-level inverter will vanish if the inverter switching frequency does not allow to fully use
the benefits of the multi-level voltage steps (i.e. if the half period of the Back-EMF is too short
to modulate the phase voltage using all voltage levels). To counter this problem, the multi-
level inverter switching frequency must be increased, therefore increasing the switching losses

to the benefit of improving the phase current harmonics.

Bringing a PMSM to maximum speed at maximum torque requires significant energy
conversion steps, and the sum of all losses dedicated to energy conversion (combined step-up
voltage conversion and phase current modulation by the inverter) may become significant as
the motor torque and speed both increase simultaneously. It can be easily understood that as
the motor speed and torque increase, more input electrical power to the PMSM is required.
This requires the DC-DC step-up conversion to increase it power conversion by converting
more battery current to a higher voltage and a lower current at the inverter input. A search of
the available off-the-shelf DC-DC step-up converters available in the market nowadays shows
that DC-DC step-up converters are not widely available for high power applications. Using
off-the-shelf applications would require using multiple DC-DC converters in parallel or in

series, for increased cost and additional weight.



CHAPTER 3

HYPOTHESIS

As seen previously, the electrical resonance presents very interesting properties for operating
an AC machine. Unlike in most structural applications where a resonant behavior shall be
avoided or at least largely damped, resonance could be of great help to shape AC current and
even amplify it compared to a simple inductive circuit. It is therefore believed that the
following properties of the electrical resonance phenomenon, when used in combination with

a PMSM, can improve the efficiency and power density of the PMSM.

3.1 Hypothesis #1

Hypothesis 1: Current and voltage sinusoidal behavior of the resonant RLC circuit may reduce

PWM induced current harmonics, therefore improve motor efficiency.

As mentioned previously in section 1.6, the current and voltage in an RLC circuit naturally
follows a sinusoidal profile and the frequency of the free oscillating current is similar to the
natural frequency of the RLC circuit when the resistance is low. As the phase resistance of a
PMSM is typically very low in order to optimize the efficiency of the motor, one can estimate
the RLC circuit current oscillatory frequency as being equal to the natural frequency of the LC

circuit.

In most recent DC/AC conversion technologies for PMSM, the sinusoidal current profile is
exclusively generated from the PWM switching pattern of the semiconductors in the inverter.
The switching can induce current harmonics in the motor and therefore iron losses. At high
frequency, the current harmonics can be particularly harmful to the PMSM as seen in section
1.2.3. Adding a capacitor to each motor phases will make the motor phases RLC circuits where
the current and voltage naturally follows a sinusoidal profile. If the capacitor is sized in order

for the natural frequency of the RLC circuit to match the electrical frequency of the motor at
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the desired operating speed, then the PWM inverter contribution for shaping the AC current

may be reduced, therefore reducing the current harmonics in the motor.

3.2 Hypothesis #2

Hypothesis 2: The Current/Voltage gain of an RLC circuit at the natural frequency being that
of the DC gain of the RL circuit, lower AC input voltage may be required to reach the desired

current, therefore improving efficiency.

As mentioned previously in section 1.6, the Current/Voltage (I/V) gain of an RLC circuit at
the natural frequency is that of the DC gain of the RL circuit. Typically, the I/V gain of a RL
circuit is equal to the DC gain at 0 Hz and decreases as the input voltage frequency increase.
It is therefore understood that with any RL circuit, the phase circuit’s I/V gain at any operating
electrical frequency of the motor will be lower than the DC gain. Figure 3.1 below shows the
difference in frequency response between a RL circuit, which is a typical motor phase circuit,

and the RLC circuit.

Bode Diagram
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Figure 3.1 Comparison of the I/V gain frequency response between a LC and
RLC circuit
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From Figure 3.1, one can observe that the gain at the natural frequency of the RLC circuit is
significantly above the gain of the RL circuit at the same frequency. Additionally, the gain
difference between the operating frequency and the PWM frequency is significantly higher on
the RLC circuit compared to the RL circuit, when the natural frequency of the RLC circuit
matches the operating (or electrical) frequency of the motor. This behavior could potentially

help reducing the current harmonics generated by the PWM switching at higher frequency.

33 Hypothesis #3

Hypothesis 3: The voltage amplification capability of the RLC circuit may bring the capacitor’s
voltage above the battery voltage, and therefore allow operating the motor at higher speeds

while in MTPA.

As seen in section 1.2.1.3 previously, the motor’s Back-EMF amplitude increase linearly with
speed. Therefore, there is an operating speed where the power supply voltage is not enough to
allow MTPA control. Typically, field weakening control is required to bring the motor speed
past this speed. However, field weakening control maintains constant power, and therefore
reduces torque as the speed increase. Adding the voltage of a pre-charged capacitor to the
voltage of the inverter may allow MTPA control over a wider speed range. If the natural
frequency of the RLC circuit matches the electrical frequency of the PMSM, the AC input
voltage profile, generated by the PWM inverter, may be decreased below the motor’s back-
EMF, therefore potentially reducing the current harmonics induced by the PWM switching.

As seen in Figure 1.36, the resonant behavior of the RLC circuit itself has the capability to
bring the capacitor’s voltage above the battery voltage. Therefore, this phenomenon may be
exploited in a way to bring the capacitor’s voltage above the battery voltage. Figure 3.2 shows
the capacitor voltage behavior in the RLC circuit when current is allowed to oscillate freely.
On Figure 3.3, one can see that adding a diode to the circuit of Figure 3.2 allows to clamp the
capacitor voltage at its maximum value. If the capacitor’s polarity can be inverted with a H-

bridge, one can see at Figure 3.4 that, when the polarity switch is done at zero current (ZCS),



62

the voltage in the capacitor is being gradually increased until the energy dissipated in the

resistor is equal to the energy input. In this case, the capacitor voltage cannot be increased

further.
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Figure 3.2 Free oscillating RLC circuit with 1V step input
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Figure 3.3 Clamped oscillating RLC circuit with 1V step input
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Figure 3.4 Oscillating RLC circuit with capacitor polarity inversion and 1V input

34 Hypothesis #4

Hypothesis 4: Unitary power factor at the natural frequency of the RLC circuit simplify the

capacitor energy release schedule.

As seen previously in section 1.6, the power factor of an RLC circuit operating at its natural
frequency is unitary. This means that in this particular frequency of operation, the input voltage
and current vectors are in phase. This could simplify the timing of the capacitor’s energy

release in the motor phase.






CHAPTER 4

CONCEPT OF OPERATION OF THE RESONANT POWER PROCESSOR

In order to confirm the hypothesis enumerated in the previous section, a concept of converter
has been developed during this master’s project. This converter has been designed to use the
properties of the electrical resonance for the supply of electrical power to the PMSM. In
addition to supply power to the PMSM, the resonant dynamic behavior of the RLC circuit is
used to pre-charge the capacitors of the converter before they are discharged in the motor
phases. The use of an RLC circuit as the capacitor recharge circuit allows the pre-charged

capacitors to reach voltages above the battery voltage.

The proposed converter allows to increase the phase voltage of a PMSM by adding the voltage
of a pre-charged capacitor to the phase voltage. The functioning principle is that a Capacitor,
embedded in a Configurable Capacitor Module, is being recharged through a dedicated
Recharge Circuit before it is being discharged in a phase of the PMSM. The Capacitors are
connected in series with the electrical machine phases; therefore, each motor phase becomes
an RLC circuit. Each Capacitor can be connected to a maximum of one electric machine phase

or one Recharge Circuit at once.

The scheduling of the capacitor pre-charge and discharge sequences is ensured by the control
algorithm, which is implemented by software in a microcontroller (or by VHDL in a FPGA).
The control algorithm also manages the routing of the capacitor discharge energy to the
required motor phase and the routing of the discharged capacitors to the recharge circuit by
commanding several switches. Finally, the control algorithm sets the capacitors polarity as per

the needs of the conversion cycle.

It is to be noted that using the resonant behavior of the converter over a wide speed range
require changing the converter’s capacitance as a function of motor speed. As seen previously,
the natural frequency of an RLC circuit is function of the values of resistance, inductance and

capacitance. The motor phase inductances are typically fixed, as well as the phase resistance.
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Therefore, the only option to match the RLC circuit natural frequency with the operating
electrical frequency is by adjusting the capacitances according to the operating speed. In
aerospace propulsion, operating speeds are typically steady over long period of times, and the
speed set points are often pre-determined by design. The converter’s capacitor banks may

therefore be tuned to match a limited number of operating speed set points.

The proposed converter has been named “Resonant Power Processor”, also referred as RPP in

this present document. The detailed concept of operation is presented in this section.

4.1 Electrodynamic System Architecture

A PWM inverter is connected upstream of the Resonant Power Processor in order to make the
electric machine phase voltage equal to the sum of the PWM inverter voltage and charged
Capacitor voltage. See figure 4.1 for a visual representation of the system architecture. The
system architecture presented herein is for powering a 3 phases PMSM. It is to be noted that

the Resonant Power Processor is a component within the system.
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Figure 4.1 System architecture

4.1.1 Resonant Power Processor Architecture

The Resonant Power Processor contains 4 Configurable Capacitor Modules. Each
Configurable Capacitor Module has the following configuration features: Electric Machine
Phase/Recharge Circuit Selection (EMPRCS), Capacitor Polarity Selection (CPS) and
Capacitance Setting (CS). The EMPRCS matches the Capacitors with electric machine phases
or with the Recharge Circuit through a configuration of bidirectional switches (AX, BX, CX
or RX switches, see Figure 4.3). Each Configurable Capacitor Module can be linked to only
one electric machine phase or the Recharge Circuit at a time. CPS sets the polarity of the
Capacitors with regards to the motor phase or the Recharge Circuit through H bridges (CPS
switches, see Figure 4.3). CS sets the variable capacitance of the capacitors in order to match,
as much as possible, the phase’s RLC circuit natural frequency with the electrical frequency
of the electric machine. Optimal operating condition is when the phase’s RLC circuit natural

frequency matches the electrical frequency of the electric machine. See Figure 4.3 for the
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topology of the Variable Capacitor Module. EMPRCS, PS and CS features are managed by the
Control Algorithm (See Section 4.1.2).

One Recharge Circuit is present in the Resonant Power Processor. The recharge circuit
recharges the capacitors of the Resonant Power Processor in alternance in order to store the
required amount of energy in each capacitor before it is discharged in an electric machine
phase. Using the bi-directional switches of the Configurable Capacitor Module, the Recharge
Circuit is connected in series to a Capacitor to be charged. The controlled DC voltage source
of the Recharge Circuit can either apply the voltage of the DC source through a transistor or
provide 0 Volt through a diode to allow current free wheeling to complete the charging process.
A recharge inductor is connected in series with the recharging capacitor in order to benefit
from the resonant dynamics of a RLC circuit during recharge. The recharge time is mainly
driven by the natural frequency of the recharge inductance and capacitance combination and
by the amount of energy to be added in the capacitor. As only one Recharge Circuit is present
in the converter for 3 motor phases, the natural frequency of the Recharge circuit must be a
least 3 times the natural frequency of the motor phase RLC circuit to prevent converter overrun.
See Figure 4.4 for the topology of the Recharge Circuit. The capacitor recharge is managed by
the Control Algorithm (See Section 4.1.2).



Al Al
g1 Configurable g,
Capacitor
‘" Module 1 ©
R1 R1
A2 A2
g2 Configurable g,
Capacitor
““ Module2
R2 R2
A3 A3
gz Configurable g;
Capacitor
“ Module3
R3 R3
Ad Ad
g+ Configurable g,
Capacitor
“ Moduled
R4 R4
Recharge
Circuit
+ —
P

Figure 4.2 Resonant power Processor Architecture

o a2

—«—/

CPSX1 CPSX2

—==

CPSX2  CPSX1

=

BX |

v

Figure 4.3 Topology of a Configurable Capacitance

Module (Configurable Capacitor Module X)

69



70

Recharge Inductance
Lr

Figure 4.4 Topology of the Recharge Circuit

4.1.2 Control Algorithm

The Control Algorithm has 4 layers:

e Analog to Digital Signal Conversion: Converts the raw signal of the current sensors,
voltage sensors and resolver position to digital data for the control algorithm.

e Main Sequencer: Oversees the system operation, matches the charged capacitors to electric
machine phases for the discharge cycle and matches discharged capacitors to recharge
circuits. Also schedules the recharging and discharging for the capacitors.

e Capacitor Module Controls: For each Configurable Capacitor Module, manages the
Capacitor Module Control State Machine and operation for each State.

e RPP switches commands: Converts the digital Boolean value of the switch’s statuses to

electrical signals for the gate drivers.
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Figure 4.5 Control Algorithm architecture

4.1.2.1 Main Sequencer

The Main Sequencer is responsible for the following operations:

4.1.2.2

Activation of the RPP when the motor speed threshold is reached.

71

Electric machine phase selection for capacitor discharge and command of the phase

selection bidirectional switches (AX, BX and CX switches).

Recharge Circuit selection for capacitors recharge (RX switches).
Setting of the Discharge Available signals for the Capacitor Module Controls.
Setting the Recharge Available signals for the Capacitor Module Controls.

Capacitor Voltage Request Calculation. The Capacitor Voltage Request is the voltage at

which the capacitors must be charged before the Discharge cycle begins.

Capacitor Module Control

There is one Capacitor Module Control per Configurable Capacitor Module. Each Capacitor

Control Module is responsible for the following operations:
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Processing Discharge Available signal from the Main Sequencer (Trigger for setting
Discharging State).

Processing Recharge Available signal from the Main Sequencer (Trigger for setting
Recharging State).

Determining the Recharge Cycle Done Boolean parameter.

Determining the Discharge Cycle Done Boolean parameter.

Determining the State of the Configurable Capacitor Module. The Configurable Capacitor
Module States are: Discharged, Recharging, Recharged and Discharging.

Determining the command of the Capacitor Polarity switches (CPSX1 and CPSX2
switches)

Determining the capacitance of the capacitor modules through the capacitance setting
switches (HX switches).

Managing the capacitor recharge process to ensure that the recharged capacitor voltage is

as per the Capacitor Voltage Request (R_ON transistor).

Recharge State =

Available i
—True? Recharging

State =
Discharged

From Main
Sequencer

oy

echarge ischarge
Available // Available

Discharge
Available
=True?

Figure 4.6 Capacitor Module Control State Machine
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Discharged State:

In Discharged State, the capacitor has the lowest voltage of the cycle. In this State, the

Capacitor Module Control is in standby for a Recharge Available signal from the Main

Sequencer. In Discharged State, the following operations are performed:

e Setting of the Capacitors Polarity Switches to OFF (CPSX1 and CPSX2 switches) to isolate
the capacitor from the rest of the circuit.

e Setting the variable capacitor’s capacitance according to the Variable Capacitors

Capacitance Request.

Recharging State:

In Recharging State, the Capacitor is connected in series to a Recharge Circuit. In Recharging

State, the following operations are performed:

e Setting of the capacitor’s polarity and command of the Capacitor Polarity Switches. The
polarity of the Capacitor is set in a way that the positive voltage terminal of the capacitor
(at initialization of the Recharging State) is connected to the input of the Recharge Circuit.

e Command of the Recharge Circuit selection bidirectional switches (RX switches).

e Monitoring of the recharge energy input and command of the recharge transistor (R_ON)
while the capacitor energy is lower than the Capacitor Energy Request.

e Release the recharge transistor (R_ON) when the capacitor energy reaches the Capacitor
Energy Request. Current is afterwards free wheeling until current is null.

e Detecting that the capacitor recharge is completed and setting Recharge Cycle Done signal.

Recharged State:

In Recharged State, the capacitor has the highest voltage of the cycle. In this State, the
Capacitor Module Control is in standby for a Discharge Available signal from the Main
Sequencer. In Recharged State, the following operations are performed:

e Setting of the Capacitors Polarity Switches to OFF (CPSX1 and CPSX2 switches) to isolate

the capacitor from the rest of the circuit.
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Discharging State:

In Discharging State, the Capacitor is connected in series with an electric machine phase. The

electrical machine phase selection is performed by the Main Sequencer. In discharging state,

the capacitor can only be connected to one electric machine phase at a time. In Discharging

State, the following operations are performed:

e Setting of the capacitor’s polarity and command of the Capacitor Polarity Switches. The
polarity setting of the Capacitor depends on the desired capacitor polarity for a given
discharge cycle.

e Detecting that the capacitor discharge cycle is completed and setting of the Discharge
Cycle Done signal.

4.1.2.3 Control of the PWM inverter

Field Oriented Control can be used to control the electrodynamic system. As previously seen
in section 1.5, the optimal Field Oriented Control strategy for a surface mounted (flat poles)
PMSM is Zero D-Axis Current. If the PMSM was a salient poles machine, the optimal control
algorithm would be Maximum Torque Per Amp (MTPA). However, in a system where it is
important to match the capacitor’s capacitance with the inductances of the PMSM, having to
deal with a salient poles PMSM would add challenges. For this reason, operation of a flat poles
PMSM is considered in this project. As seen in section 1.5 above, ZDAC Field Oriented
Control strategy provides optimal control efficiency. It has been seen previously that the
Maximum Efficiency control may slightly improve the efficiency, but in the high speed and

low power region.

The PWM inverter voltage command is equal to the phase voltage command (generated by
ZDAC Field Oriented Control) minus the actual voltage of the capacitor connected in series
with the electric machine phase. Doing so allows to use the Field Oriented Control as is and

therefore the capacitor’s voltage is removed from the final voltage command to the inverter.
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For a 3 phases inverter powering a 3 phases electric machine through the Resonant Power

Processor, the inverter voltage commands are:

Vaip, =Vg —VC, 4.1)
Vbin, =V, =V, (4.2)
Ve =V =V, (4.3)

Where:

Vxinv is the inverter output voltage command for phase x (A, B or C).
Vx* is the Field Oriented Control voltage command for phase x (A, B or C).

VCx is the real time voltage of the capacitor connected to phase x (A, B or C).






CHAPTER 5

IMPLEMENTATION OF THE RESONANT POWER PROCESSOR AND ITS
SYSTEM

Bringing a concept to a functional prototype often requires more effort than developing the
concept itself. Especially in the case of the Resonant Power Processor, many power electronics
and control electronics features are not typically used in powering AC motors. Therefore, off
the shelf components could not be found easily. The following section explains the
implementation of the Resonant Power Processor. The descriptions are for the detailed design

of the key components and the whole system.

Because of the dynamic response of an RLC circuit, the motor cannot be started with the
capacitances in the circuit because at low frequency, the dynamic current response of an RLC
circuit makes it impossible to circulate enough current in the motor phases. From the motor
start to a pre-determined speed threshold, the Resonant Power Processor must be as much as
possible invisible to the power electronic circuit, in order to allow only the inverter to power
the motor. Activation of the RPP may be done from the speed where the RLC circuit gain
exceeds the RL circuit gain. The design of the Resonant Power Processor includes this
possibility. The capacitance being connected through a H-Bridge, closing both legs of the H-

Bridge allows to bypass the capacitors.

It is assumed that a dedicated 16 Vdc power supply is available for the control electronics and
for the gate drivers of the semi conductors. It is also assumed that the 16 Vdc power supply
will be converted to +/- 15 Vdc, 5 Vdc and 2.5 Vdc for the instrumentation signals. This project
does not cover the design of the power supplies in the system. However, those aspects will

have to be taken care of when the first functional prototype will be materialized.

Based on a preliminary simulation and analysis, the maximum currents, voltages and powers
in the different components have been found theoretically. From this data the requirements for

all the components have been determined. The requirements for all the components can be
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found in ANNEX 1. ANNEX I also includes the functional requirements of the current and
voltage sensors. The detailed implementation of the Resonant Power Processor’s power
electronic components as per the requirements has been performed by a team of three
graduating students as an end of scholarship project (PFE - Projet de fin d’étude). A special
thanks goes to Firas Al-Jilani, David Godin-Lebreux and Renaldo Myrtil for their work in
implementing the detailed Power Electronic circuit components of the Resonant Power
Processor. The final report provided by the team can be found in (Al-Jilani, Godin-Lebreux &
Myrtil, 2020).

5.1 Electrical machine (PMSM)

For the project it was decided to use an off the shelf PMSM. One available PMSM was the
ABB/Baldor BSM33C-6177MHQ. It has a continuous power of approximately 3 kW at 320
Vdc, which is an interesting power range for a proof of concept. It has 4 pairs of poles and has
a sinusoidal back-EMF profile. It is a flat poles machine, meaning that the direct-axis
inductance is equal to the quadrature-axis inductance. As the inductance does not vary with the
rotor position, the natural frequency of the phase circuit will be stable through the electrical
cycle. Motor specifications may be found at (https://www.baldor.com/catalog/BSM33C-
3177MHQ).
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Ea = S R=050
0.161815* ®_ *sin(8,)

Ec =
0.161815 * O, *sin(6,+27/3)

Figure 5.1 Electrical model of the ABB/Baldor BSM33C-6177MHQ PMSM
(o is the electrical frequency in rad/sec and 0. is the electrical angle in rad)

In order to properly perform the Park transforms, the motor shall be equipped with a position
encoder or resolver, which informs the control system of the rotor position. For this project, a
14 bits optical encoder has been assumed. A 14 bits resolver allows for a rotor angular position
resolution of 0.022 degrees. As the motor owns 4 pairs of poles, the electrical angular position

resolution 0.088 degrees.

5.2 3 Phases 2 Levels Inverter

Inverters are well known power electronic devices. They are typically used to power 3 phases
devices such as motors by generating a line-to-line voltage of either OV or +/- the DC link
voltage. Operation of the RPP in combination with a 3 phases inverter requires specific
characteristics that are not fulfilled by the typical 2 level inverter. Therefore, the typical

inverter needs to be slightly modified to fulfill the requirements enumerated below:
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e The inverter shall allow to control the voltage for each motor phase independently.

e The inverter shall generate a phase to neutral voltage of OV or +/- Vac/2.

e The inverter shall allow for free-wheeling phase current when the phase voltage is OV.

e The inverter shall allow the phase current to be in the direction of the phase voltage or in
the opposite direction of the phase voltage.

e The inverter shall allow to generate a positive voltage on all 3 phases simultaneously or a

negative phase voltage on all 3 phases simultaneously.

The proposed topology of the modified 3 phases inverter is shown in Figure 5.2 below. It is
essentially a Three-Level Neutral Point Clamped T-Type 3 level inverter as shown in Figure
1.13 of Section 1.3.4.2. The main difference is that the ground connection of the Three-Level
Neutral Point Clamped is the connection to the motor neutral point on the proposed inverter.
This allows to trade the 3 levels inverter capability with the capability to supply all negative
or all positive phase voltages simultaneously. Also, the bi-directional switches commands are
commanded by a NOR gate of both MOSFET commands on the same leg, unlike the Three-
Level Neutral Point Clamped T-Type inverter. The output voltage of the proposed topology as
a function of its semi-conductor devices status can be found in Table 5.1 below. It is to be
noted that the bi-directional switches are ON when the MOSFETS of the same leg are OFF.
The switching frequency of the inverter is set to 10 kHz and the Pulse length resolution is 1%

(1 ps). The design of the modified inverter is detailed in ANNEX II.
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Figure 5.2 Proposed Modified 3 Phases 2 Level Inverter

Table 5.1 Inverter output voltage as a function of the
semi-conductor’s state

S1|S4|S2|S5|S3|S6| Van Vbn Ven
0[]0[0]0]0]0 0 0 0
0/]0|0]0|0]1 0 0 -Vdc/2
0/[]0[0]0]1]0 0 0 Vdc/2
0/{]0[0]1]0]0 0 -Vdc/2 0
0/]0|0]|1]0]1 0 -Vdce/2 | -Vdc/2
00|01 ]1]0 0 -Vdce/2 | Vde/2
0/{]0|1]0]0]0 0 Vdc/2 0
0]0|1]0]0]1 0 Vdc/2 | -Vdc/2
0/{0|1]0]1]0 0 Vdc/2 | Vdc/2
0|1]0]0]0]0] -Vdc/2 0 0
O] 1]0[0]0]| 1] -Vdc/2 0 -Vdc/2
0|1]0]0|1]0] -Vdec/2 0 Vdc/2
0|1[]0]1]0]0] -Vde/2 | -Vdc/2 0
O|1[0]|1]0]|1]-Vde/2 | -Vde/2 | -Vdc/2
O0[1]0]1]1]0] -Vde/2 | -Vdc/2 | Vdc/2
O] 1]1]0]0]|0]| -Vdc/2 | Vdc/2 0
O|1[1]0]0]|1]-Vde/2 | Vdc/2 | -Vdc/2
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Table 5.1 Inverter output voltage as a function of the

semi-conductor’s state (Continued)

S1|S4|S2|S5|S3|S6| Van Vbn Vcen
O] 1[1]0]1]0]-Vde/2 | Vdc/2 | Vdc/2
110/0]0[0]0] Vdc/2 0 0
1{0]0]0 |0 |1] Vdc2 0 -Vdc/2
110/0[0[1]0] Vdc/2 0 Vdc/2
1[0]0[1]0]0] Vdc/2 | -Vdc/2 0
11001 [0]1] Vde/2 | -Vdc/2 | -Vdc/2
11001 [1]0] Vde/2 | -Vdc/2 | Vdc/2
1[{0]1]0]0]0] Vdc/2 | Vdc/2 0
110 1]0[0]1] Vde/2 | Vdc/2 | -Vdc/2
10| 1]0[1]0] Vde/2 | Vde/2 | Vdc/2
53 Resonant Power Processor (Power Electronics, Instrumentation and Control
Signals)

The Resonant Power Processor is the subsystem between the inverter and the motor. It applies
a phase voltage boost equal to the capacitor voltage in addition to convert the phase circuit into
an RLC circuit. Optimal operation of the RPP is when the natural frequency of the RLC circuit
matches the electrical frequency of the PMSM. The Resonant Power Processor has 4
Configurable Capacitor Modules and 1 Recharge Circuit. A total of 3 Configurable Capacitor
Module are always connected to the motor phases. It is therefore essential to have at least one
Configurable Capacitor Module that is available to be recharged through the Recharge Circuit
at all times. Figure 5.3 below shows the detailed architecture of the Resonant Power Processor
in terms of Power Electronics and instrumentation electronics. The current and voltage

transducers have been determined by the team of Firas Al-Jilani, David Godin-Lebreux and

Renaldo Myrtil in (Al-Jilani et al., 2020).
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Figure 5.3 Resonant Power Processor Architecture

5.3.1 Configurable Capacitor Module

The Configurable Capacitor Module has three roles. The first role is to configure the circuit to
route the capacitor to the PMSM phase or recharge circuit it shall be routed to (Electric
Machine Phase/Recharge Circuit Selection, EMPRCS). This is done through the AX, BX, CX
and RX switches. The second role is to set the capacitor’s polarity in order to apply the voltage
in the desired direction (Capacitor Polarity Selection, CPS). This is done through the H-Bridge
connection and the CPSX1 and CPSX2 switches. The third role of the Configurable Capacitor
Module is to adjust the capacitance of the capacitors according to the operating speed of the
PMSM (Capacitance Setting, CS). This is done using the HX switch. Figure 5.4 shows the
Configurable Capacitor Module sub-assembly. The voltage transducer has been determined by

the team of Firas Al-Jilani, David Godin-Lebreux and Renaldo Myrtil in (Al-Jilani et al. 2020).
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Figure 5.4 Configurable Capacitor Module architecture

5.3.1.1 56 uF Capacitor Banks

No 56 UF capacitors which comply to the requirements were available off the shelf. For this
reason, a capacitor bank has been developed by the team of Firas Al-Jilani, David Godin-
Lebreux and Renaldo Myrtil. The capacitors must be bi-polar as the current and voltage
through them will constantly change direction and polarity. Kemet film capacitors have been
selected for the application. The 56 UF capacitor bank detailed design is documented in (Al-
Jilani et al., 2020) and in ANNEX II. The implementation of the 56 UF capacitor banks makes
the actual capacitance being 55 UF instead of 56 uF. However, as per the requirements in
ANNEX I, 55 uF is within the tolerance range. Despites that the implementation of the
capacitor banks makes it 55 UUF, the capacitor banks will still be referred as the 56 UF capacitor

banks throughout this document.

5.3.1.2  Variation of the capacitance

As mentioned previously, the power capacitor’s capacitance must be adjusted to match the
resonant frequency with the motor speed when the motor speed varies. Even if one operating

speed is targeted by the proposed system, transient speed excursions are inevitable, especially
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during motor run-up. It is to be remembered that below a pre-determined speed, the Resonant
Power Processor configures itself to allow the inverter to power the PMSM alone. For this
design, a variable capacitor with 2 possible capacitance values has been implemented. The
capacitance value may be either 56 UF or 112 uF, depending on the selected configuration.
Two 56 UF capacitors are connected in parallel making a 112 uF capacitance. One of the
capacitors may be removed from the circuit by opening the Bi-directional switch HX, and then

the capacitance becomes 56 [UF.

5.3.1.3 Bi-directional switch IGBT)

The Bi-Directional switches are a key element in the design of the Resonant Power Processor.
They must prevent current to circulate when they are OFF, and they must allow the current to
circulate with the minimum resistance or losses as possible when they are ON. They must
transition from one state to the other as quickly as possible to the command signal in order to
prevent shoot-through in the circuit. Because of the operating frequency and response time
requirements, relays are unfit for this application. Instead, semi-conductors have been selected
to create the Bi-directional switches. The principle is that the control signal is directed
simultaneously to two IGBTs connected in anti-parallel. When the control signal is OFF, both
IGBTs and diodes prevent the current to circulate. When the control signal is ON, the current
flows through the first IGBT and through the second diode. This applies for both current
directions. The IGBT based bi-directional switches have been simulated in (Al-Jilani et al.,
2020) and the simulation results show that this setup is suitable for a Bi-Directional switch.
The IGBTs part number and the Gate Drivers part number have been determined by the team
of in (Al-Jilani et al., 2020).

5.3.2 Recharge Circuit

The Recharge circuit has the role to recharge each capacitor at the desired voltage level before
it is discharged in a motor phase. The current in the Recharge Circuit is unidirectional, thanks
to the feature to select the polarity of the capacitors (CPS). The Recharge circuit may either

apply the DC-Link voltage to the recharge circuit (power branch) or zero volt (Free wheeling
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branch). When the DC-link voltage is applied, the current circulates in the power branch
through the MOSFET and through the voltage source. When 0 Volt is applied, the current
circulates in the free-wheeling branch through the diode. The diode connected to the power
branch is for protection purpose only. With enough confidence in the switching schedule, the
power branch diode would not be necessary. Figure 5.5 shows the topology of the Recharge

Circuit.

1mH

1mH

=

1mH

e—e—o Rin

Figure 5.5 Recharge Circuit Architecture

5.4 Implementation of the control algorithm

The control algorithm’s primary role is to control the PMSM speed to a fixed target by
managing the motor torque, and therefore the phase currents. This is achieved by operating
both the inverter and the Resonant Power Processor simultaneously. At low speed, the
Resonant Power Processor is offline and does not contribute to the phase voltages of the
PMSM. When the PMSM speed reaches the RPP activation speed, the RPP goes online and
the RPP’s capacitors voltages are added to the PMSM phase voltages.

When the RPP is offline, the control algorithm consists of a typical Field Oriented Control
with ZDAC control algorithm (the Baldor/ABB BSM33C-6177MHQ PMSM is a flat poles
machine), and only the inverter supplies power to the PMSM.



87

When the RPP is online, the control algorithm manages the capacitor’s recharge and discharge
cycles. The recharge cycle recharges the configurable capacitor modules in alternance to a
specific voltage target. The discharge cycle discharges the capacitors into motor phases. The
control algorithm also configures the capacitance of the capacitors using the HX switches and
the polarity of the capacitors using the capacitor polarity switches (CPSX1 and CPSX2) of
each Capacitor Module. The Field Oriented Control with ZDAC control algorithm remains
responsible for commanding the inverter’s output voltage, but the RPP’s capacitors voltages

are subtracted from the FOC voltage command (See Equations 4.1 to 4.3).

The control algorithm contains 5 layers; The Electrical Frequency Calculation, the Main
Sequencer, the Capacitor Modules Control, the Field Oriented Control and the inverter
command. The control algorithm executes its code at a frequency of 1 MHz, or every 1 us.
Initial simulations used an algorithm execution frequency of 100 kHz, however it was decided
to try to execute the control algorithm at a faster frequency than required in order to
demonstrate capability of operation at higher motor speed. The control algorithm has been
synthetized in VHDL code for implementation in a FPGA. As the system requires a fast
execution of the control algorithm, and as the control algorithm generally consists of simple
operations that can be implemented as a flow chart, the FPGA was deemed the best type of

microcontroller for this application.

The detailed implementation of the Resonant Power Processor’ control electronics as per the
requirements has been performed by a team of three graduating students as an end of
scholarship project (PFE - Projet de fin d’étude). A special thanks goes to Francis Binette,
Gabriel Huard-Desjardins and Sébastien Lavoie for their work in implementing the detailed
Control Electronic components of the Resonant Power Processor. The final report provided by
the team can be found in (Binette, Huard-Desjardins & Lavoie, 2021). Their report lists all the
components and control electronic sub assemblies required to materialize the control
electronics of the Resonant Power Processor. Their report also details the interfaces between

the sensors of the Power Electronics and the control FPGA.
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The following section is structured in order to represent the data flow of the control algorithm

through those 5 layers.

Table 5.2 Inputs of the Control Algorithm

Parameter | Description Unit Min Max Type
la Motor phase A current A -50.0 50.0 fix(1,16,9)
Ib Motor phase B current A -50.0 50.0 fix(1,16,9)
Ic Motor phase C current A -50.0 50.0 | fix(1,16,9)
Ir Recharge circuit current A 0.0 200.0 | fix(1,16,7)
Vel Capacitor 1 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc2 Capacitor 2 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc3 Capacitor 3 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc4 Capacitor 4 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vdc DC-Link (Battery) voltage \Y 0.0 400.0 | fix(1,16,6)
theta motor | Rotor angular position rad 0.0 6.2828 | fix(1,12,8)
w_motor | Rotor angular speed Rad/sec | -750.0 | 750.0 | fix(1,12,1)
sawtooth | 10 kHz Inverter PWM carrier N/A 0.0 1.0 fix(1,16,14)

signal
Table 5.3 Outputs of the Control Algorithm
Parameter | Description Unit Min Max Type

Al RPP Switch A1 command N/A false true | Boolean

Bl RPP Switch Bl command N/A false true | Boolean

Cl RPP Switch C1 command N/A false true | Boolean

R1 RPP Switch R1 command N/A false true | Boolean

CPS11 RPP Switch CPS11 command N/A false true | Boolean

CPS12 RPP Switch CPS12 command N/A false true | Boolean

Hl1 RPP Switch H1 command N/A false true | Boolean

A2 RPP Switch A2 command N/A false true | Boolean

B2 RPP Switch B2 command N/A false true | Boolean

C2 RPP Switch C2 command N/A false true | Boolean

R2 RPP Switch R2 command N/A false true | Boolean

CPS21 RPP Switch CPS21 command N/A false true | Boolean

CPS22 RPP Switch CPS22 command N/A false true | Boolean
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Table 5.3 Outputs of the Control Algorithm (Continued)

Parameter | Description Unit Min Max Type
H2 RPP Switch H2 command N/A false true | Boolean
A3 RPP Switch A3 command N/A false true | Boolean
B3 RPP Switch B3 command N/A false true | Boolean
C3 RPP Switch C3 command N/A false true | Boolean
R3 RPP Switch R3 command N/A false true | Boolean

CPS31 RPP Switch CPS31 command N/A false true | Boolean
CPS32 RPP Switch CPS32 command N/A false true | Boolean
H3 RPP Switch H3 command N/A false true | Boolean
A4 RPP Switch A4 command N/A false true | Boolean
B4 RPP Switch B4 command N/A false true | Boolean
C4 RPP Switch C4 command N/A false true | Boolean
R4 RPP Switch R4 command N/A false true | Boolean
CPS41 RPP Switch CPS41 command N/A false true | Boolean
CPS42 RPP Switch CPS42 command N/A false true | Boolean
H4 RPP Switch H4 command N/A false true | Boolean
R ON RPP MOSFET R ON command N/A false true | Boolean
S1 Inverter MOSFET S1 command N/A false true | Boolean
S2 Inverter MOSFET S2 command N/A false true | Boolean
S3 Inverter MOSFET S3 command N/A false true | Boolean
S4 Inverter MOSFET S4 command N/A false true | Boolean
S5 Inverter MOSFET S5 command N/A false true | Boolean
S6 Inverter MOSFET S6 command N/A false true | Boolean
5.4.1 Electrical frequency calculation

The electrical frequency is equal to the number of pole pairs multiplied with the rotor angular

speed. This simple equation is shown at Equation (5.1) below:

w_e = B, - w_motor (5.1

Table 5.4 Constants of the Electrical Frequency Calculation

Parameter Description Unit Value
Pp Number of pole pairs N/A 4
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Table 5.5 Inputs of the Electrical Frequency Calculation

Parameter | Description Unit Min Max Type
w_motor | Rotor angular speed Rad/sec | -750.0 | 750.0 | fix(1,12,1)

Table 5.6 Outputs of the Electrical Frequency Calculation

Parameter | Description Unit Min Max Type
w e Electrical frequency of the PMSM | rad/sec | -4800 | 4800 | fix(1,16,3)

5.4.2 Main Sequencer Algorithm

The Main sequencer algorithm performs the following sub-tasks:

Initialization of the boolean parameters

The state of some booleans remain from cycle to cycle until a command to change its’ states
occurs. In some cases, a control cycle will not command a change on a boolean parameter,
therefore its state will remain the same as the previous cycle. The previous cycle parameter
value must be remembered by the DSP. This sub-task initializes the states of those Booleans

to the previous cycle value. See Figure 5.6 below.

Calculation of Rotor Position for every Phase

The rotor position is computed from every phase point of view. The rotor position relative to
each phase is a signal used by the Motor Phase Scheduling sub-function in order the determine
the moment where the charge capacitor can start its discharge cycle and in what motor phase

to discharge. See Figure 5.6 below.

Determination of the Resonant Power Processor Status

The Resonant Power Processor Status sub-function determines if the Resonant Power

Processor (RPP) is online or offline based on the motor speed. This is done by generating the
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BOOST ON signal, which is an input to the Configurable Capacitor Modules. When the
Boolean “BOOST _ON” is true, the RPP is online. See Figure 5.6 below.

Operation of the Resonant Power Processor

If the Resonant Power Processor is online (“BOOST_ON” Boolean is set to true), then the
Main Sequencer performs the tasks enumerated below. Otherwise, the Resonant Power
Processor goes offline and creates a pass-through path for the phase currents without any

additional contribution to the system.

e Scheduling the Recharge Circuit

This sub-task schedules the recharge circuit to recharge each capacitor in alternance. This sub-
task monitors the capacitor module’s states and when a capacitor is discharged and the recharge
circuit is available, it matches the discharged capacitor with the recharge circuit using the “RX”
switches. It ensures that only one capacitor is commanded to be recharged at a time. This sub-
task generates the “Rec_AvailX” signal when the Capacitor X is ready for recharge. The

“Rec_AvailX” is an input to the Configuration Capacitor Modules.

e Scheduling the Motor phases

The logic monitors the capacitor module’s states and when a capacitor is charged, it waits for
a motor phase zero back-EMF threshold to enable the discharge of the capacitor in the selected
rotor phase. Because at the resonant frequency the power factor is 1, the capacitor discharge
process can be timed with the Back-EMF zero crossing of the motor phases. Every time a
motor phase crosses the zero Back-EMF position, a charged capacitor is matched to the motor
phase. This is done by scheduling the phase selection switches (AX, BX and CX). The control
algorithm ensures that only one motor phase is connected to a Configurable Capacitor Module
at the same time. This logic generates the “Dis AvailX” signal, which are inputs to the

Configurable Capacitor Modules.
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e Calculation of the Capacitor Voltage Request

Depending on the operating speed of the PMSM, the capacitor voltage needs to be adjusted to
provide the optimal efficiency, lower current harmonics and torque ripples. This is done by
generating the Ve req parameter, which is an input to the Configurable Capacitor Modules.

See Figure 5.11 below.

e Multiplexing of the rotor angle from capacitors’ point of view

The rotor position data provides the rotor position from the motor phases point of view.
However, from the point of view of the different Configurable Capacitor Modules, a signal
routing operation needs to be performed. This sub-task computes the rotor angle from the
capacitor’s point of view (theta el to theta e4 signals) as a function of the phase selection
switches (AX, BX and CX) and recharge circuit selection switches (RX). The rotor angle from
capacitors point of view are inputs to the different Configurable Capacitor Modules and are

used to manage the discharge cycle. See Equation (5.2) below.

Al B1 (1 theta_eA theta_el (5.2)
A2 B2 (2 theta_eB| _ |theta_e2
A3 B3 (3 theta eC|  |theta_e3
A4 B4 (4 theta_e4

e Multiplexing of the current sensor data.

The current sensors are measuring the three phase currents and the recharge current. However,
from the point of view of the different Configurable Capacitor Modules, a signal routing
operation needs to be performed for each Configurable Capacitor Module to access its current
amplitude information. This sub-task computes the current from the capacitor’s point of view
(I1 to I4) as a function of the phase selection switches (AX, BX and CX) and recharge circuit
selection switches (RX). The current from the capacitor’s point of view are inputs to the
different Configurable Capacitor Modules and are used to determine the moment when the
recharge cycle is completed. Also, those current signals are used by the Configurable Capacitor

Modules to determine when to interrupt the recharge energy input. See Equation (5.3) below.
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(5.3)

The capacitor voltage data provides the Capacitors’ voltage data for each Configurable

Capacitor Module. However, from the point of view of the different motor phases, a signal

routing operation needs to be performed for each motor phase to have the voltage of the

capacitor connected to it. This sub-task computes the capacitor’s voltage from the motor phase

point of view (VcA, VcB and VcC signals) as a function of the configuration phase selection

switches (AX, BX and CX), and as a function of the Capacitor Polarity Switches (CPSX1 and

CPSX2). The capacitor voltage from the motor phase point of view is used to set the phase

voltage command to the inverter. See Equations (5.4) and (5.5) below.
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Figure 5.6 Main Sequencer Algorithm (1/6)
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Fig. 5.6
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Figure 5.7 Main Sequencer Algorithm (2/6)
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( Fig.57 )
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Figure 5.8 Main Sequencer Algorithm (3/6)
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Figure 5.9 Main Sequencer Algorithm (4/6)
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Fig. 5.9
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Figure 5.10 Main Sequencer Algorithm (5/6)
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Figure 5.11 Main Sequencer Algorithm (6/6)




Table 5.7 Constants of the Main Sequencer Algorithm

Parameter Description Unit Value
Pp Number of pole pairs N/A 4
KBOOST ON FREQ | RPP activation electrical Rad/sec | 1131.0
frequency
KBOOST ON HYST | RPP activation electrical Rad/sec 5.0

frequency hysteresis
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Table 5.8 Inputs of the Main Sequencer Algorithm

Parameter Description Unit Min Max Type
la Motor phase A current A -50.0 50.0 | fix(1,16,9)
Ib Motor phase B current A -50.0 50.0 | fix(1,16,9)
Ic Motor phase C current A -50.0 50.0 | fix(1,16,9)
Ir Recharge circuit current A 0.0 200.0 | fix(1,16,7)
Vel Capacitor 1 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc2 Capacitor 2 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc3 Capacitor 3 voltage \Y -400.0 | 400.0 | fix(1,16,6)
Vc4 Capacitor 4 voltage \Y -400.0 | 400.0 | fix(1,16,6)
theta_ motor | Rotor angular position rad 0.0 6.2828 | fix(1,12,8)
w_e Electrical frequency of the rad/sec - 4800.0 | fix(1,16,3)
PMSM 4800.0
Cap_Statel LP | Configurable Capacitor N/A 1 4 fix(0,3,0)
Module 1 State, last pass (Z!)
Cap_State2 LP | Configurable Capacitor N/A 1 4 fix(0,3,0)
Module 2 State, last pass (Z!)
Cap_State3 LP | Configurable Capacitor N/A 1 4 fix(0,3,0)
Module 3 State, last pass (Z!)
Cap_State4 LP | Configurable Capacitor N/A 1 4 fix(0,3,0)
Module 4 State, last pass (Z')
CPS11_LP | RPP CPS11 Switch N/A false true Boolean
Command, last pass (Z™)
CPS12 LP | RPP CPS12 Switch N/A false true Boolean
Command, last pass (Z™)
CPS21 LP | RPP CPS21 Switch N/A false true Boolean
Command, last pass (Z™)
CPS22 LP | RPP CPS22 Switch N/A false true Boolean
Command, last pass (Z')
CPS31 LP | RPP CPS31 Switch N/A false true Boolean
Command, last pass (Z')
CPS32 LP | RPP CPS32 Switch N/A false true Boolean
Command, last pass (Z')
CPS41 LP RPP CPS41 Switch N/A false true Boolean
Command, last pass (Z'1
CPS42 LP RPP CPS42 Switch N/A false true Boolean

Command, last pass (Z')




Table 5.9 Outputs of the Main Sequencer Algorithm
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Parameter | Description Unit Min Max Type
Rec Availl | Recharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 1
Dis_Availl | Discharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 1
Rec Avail2 | Recharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 2
Dis_Avail2 | Discharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 2
Rec_Avail3 | Recharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 3
Dis_Avail3 | Discharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 3
Rec_Avail4 | Recharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 4
Dis_Avail4 | Discharge Available signal to N/A false true Boolean
Configurable Capacitor
Module 4
theta el Electrical angle from the point rad 0.0 6.2828 | fix(1,16,10)
of view of capacitor 1
theta e2 Electrical angle from the point rad 0.0 6.2828 | fix(1,16,10)
of view of capacitor 2
theta e3 Electrical angle from the point rad 0.0 6.2828 | fix(1,16,10)
of view of capacitor 3
theta e4 Electrical angle from the point rad 0.0 6.2828 | fix(1,16,10)
of view of capacitor 4
I1 Motor phase A current A -50.0 50.0 | fix(1,16,7)
12 Motor phase B current A -50.0 50.0 | fix(1,16,7)
13 Motor phase C current A -50.0 50.0 | fix(1,16,7)
14 Recharge circuit current A 0.0 200.0 | fix(1,16,7)
VcA Capacitor X voltage from the Vv -400.0 | 400.0 | fix(1,16,6)
point of view of phase A
VcB Capacitor X voltage from the \Y -400.0 | 400.0 | fix(1,16,6)

point of view of phase B
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Table 5.9 Outputs of the Main Sequencer Algorithm (Continued)

Parameter Description Unit Min Max Type
VcC Capacitor X voltage from the Vv -400.0 | 400.0 | fix(1,16,6)
point of view of phase C

Al RPP Switch A1 command N/A false true Boolean
B1 RPP Switch B1 command N/A false true Boolean
Cl RPP Switch C1 command N/A false true Boolean
R1 RPP Switch R1 command N/A false true Boolean
A2 RPP Switch A1 command N/A false true Boolean
B2 RPP Switch B1 command N/A false true Boolean
C2 RPP Switch C1 command N/A false true Boolean
R2 RPP Switch R1 command N/A false true Boolean
A3 RPP Switch A1 command N/A false true Boolean
B3 RPP Switch B1 command N/A false true Boolean
C3 RPP Switch C1 command N/A false true Boolean
R3 RPP Switch R1 command N/A false true Boolean
A4 RPP Switch A1 command N/A false true Boolean
B4 RPP Switch B1 command N/A false true Boolean
C4 RPP Switch C1 command N/A false true Boolean
R4 RPP Switch R1 command N/A false true Boolean
Vc req Capacitor voltage target \Y -400.0 | 400.0 | fix(1,16,6)
BOOST ON | RPP Online Signal N/A false true Boolean

5.4.3 Capacitor Modules Control

Each capacitor module is managed independently by a Capacitor Module Control Algorithm.
Each Capacitor Module Control Algorithm performs the following sub-tasks:

Capacitor Module State Machine.

The Capacitor Module Control State Machine determines the state of every Configurable
Capacitor Module. Each Capacitor Module has the following states:

e Discharged (1)

e Recharging (2)

e Recharged (3)

e Discharging (4)
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The transition criteria between the states are described below:

Transition from Discharged (1) to Recharging (2)

The transition from Discharged (1) to Recharging (2) state is done when the “Rec AvailX”

signal is received from the Main Sequencer.

Transition from Recharging (2) to Recharged (3)

The transition from Recharging (2) to Recharged (3) state is done when the recharge current

drops below 0.1 Amps.

Transition from Recharged (3) to Discharging (4)

The transition from Recharged (3) to Discharging (4) state is done when the “Dis_AvailX”

signal is received from the Main Sequencer.

Transition from Discharging (4) to Discharged (1)

The transition from Discharging (4) to Discharged (1) state is done when the value of the sinus
of the electrical angular position of the rotor, from the capacitor’s point of view, enters the

band between +/- 0.1.

See Figure 5.12 below for the flowchart diagram of the Capacitor Modules Control.
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Figure 5.12 Capacitor Modules State Machine Flowchart

Command of the Capacitor Polarity Switches

The Capacitor Polarity Switches (CPSX1 and CPSX2) are used to set the capacitor polarity as
per the point of view of the motor phases or the recharge circuit. During the discharging phase,
the capacitor’s polarity must be opposite to the back-EMF polarity to benefit from the
capacitor’s contribution. During the Recharging phase, the capacitor’s initial polarity must be
the same as the DC voltage source to increase the capacitor energy during the recharge cycle.
As it is impossible to predict the capacitor’s terminals polarity, the capacitor’s need to set the
polarity to adapt to the discharge or recharge circuits. The Capacitor Polarity Switches

Command sets the polarity of the capacitor to properly recharge and discharge the capacitors
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according to the operating condition. See Figure 5.13 for the flow chart of the Capacitor

Polarity Switches Command.

START

CPSX1=CPSX1-2"
CPSH2 =CPSX2-27

Cap_StateX =1
AND

sp_StateX * 2-1 =

Cap_StteX =2

Mo

Cap_SteteX = 4

sin{theta_eX] <0
AND
in{theta_eX"Z")>=

sin{thets_ex) =0

A Y

Y \J Y Y k

CPSX1 = false CPSX1 =true CPSX1 =true CPSX1 =false
CPSX2 = true CPSX2 = false CP5X2 = false CPSX2 = true

CPSX1 =tue CPSX1 =falze CPSX1 = false CPSX1 =false CPSX1 = true
CPSX2 = true CPSX2 = false CPSX2 = false CPSX2 = true CPSX2 = false

! v ! ! Y ! v v

Figure 5.13 Capacitor Polarity Switch Algorithm Flowchart

Setting of the Capacitance

To allow the PMSM to vary through a wide speed range, the Capacitance of the Configurable
Capacitor Modules must be set according to the operating speed. The Configurable Capacitor
Module has two different capacitance values: 56 UF or 112 uF. The capacitance value is 56 UF
when the “H” switch is open (H = false) and 112 uF when the “H” switch is closed (H = true).
To minimize the stress on the power electronic components, the capacitance changes are done
when the Configurable Capacitor Module is in “Discharged” state. See Figure 5.14 for the flow

chart of the Capacitor Setting logic.
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w_e >1905.0 w_e < 1895.0

Cap_StateX =1

H = false H =true

- v '

END

Figure 5.14 Capacitance Setting Logic Flowchart

Scheduling of the Recharge Cycle

The role of the Recharge Circuit is to recharge each capacitor to the pre-determined voltage
target. The recharge Circuit Controls the “R_ON” switch. When the “R_ON” switch is ON
(R_ON = true), the battery voltage is added to the capacitor’s voltage. When “R_ON” is set to
ON, the energy from the battery is added to the capacitor’s energy. When the “R_ON” switch
is OFF (R_ON = false), the battery does not provide energy to the capacitor. The Recharge
Circuit operates at Zero Current Switching (ZCS), however the “R_ON” switches can be
closed or opened at any moment during the recharge process as a free-wheeling path is
available for the recharge current through the bypass diode. The recharge control monitors the
initial capacitor’s energy and the input energy from the battery. When the energy input required
to reach pre-determined voltage target is reached, the “R_ON” switch is commanded OFF
(false) and therefore the recharge cycle is completed in free-wheeling while no energy is added

to the RLC circuit. See Figure 5.15 for the flow chart of the Recharge Circuit control logic.



107

START

Ve_lnit = Ve_InitZ- ‘

E_IN_req =E_IN_reg*Z"

Cap_StateX =1

Ve_Init=VeX

A

Cap_StateX =2

R_ON

fal

o

E_IN_r

Y
14

E_I .

0.0
0

E_IN = E_IN*Z7 + Vdc™IX*T

Yy

-0.178%(IX+65.9001 ) IX*T

C=0000112

C =0.000056

E_Init = (1/2)*C*V c_Init"2
E _req = (1/2)*C*Vc_req"2
E IN_req=E_req-E_Init

R_ON =true

R_ON =false

A

END

Figure 5.15 Recharge Circuit Control Algorithm Flowchart

Table 5.10 Constants of the of the Capacitor Module Control

Parameter

Description

Unit

Value

T

Control Algorithm sample time

second

0.000001
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Table 5.11 Inputs of the of the Capacitor Module Control

Parameter | Description Unit Min Max Type
Rec AvailX | Recharge available signal N/A false true Boolean
Dis AvailX | Discharge available signal N/A false true Boolean
IX Current in the capacitor X A -400.0 | 400.0 | fix(1,16,7)
theta eX Electrical angle from the rad 0.0 6.2828 | fix(1,16,10)
point of view of capacitor X
VX Capacitor X voltage \Y -400.0 | 400.0 | fix(1,16,6)
w_e Electrical frequency of the rad/sec | -4800 | 4800 | fix(1,16,3)
PMSM
Vc req Capacitor voltage target \Y -400.0 | 400.0 | fix(1,16,6)
Vdc DC-Link (Battery) voltage \Y 0.0 400.0 | fix(1,16,6)
BOOST ON | RPP Online Signal N/A false true Boolean
Table 5.12 Outputs of the of the Capacitor Module Control
Parameter | Description Unit Min Max Type
Cap StateX | Capacitor X state N/A 1 4 £ix(0,3,0)
CPSX1 CPSX1 switch command N/A false true Boolean
CPSX2 CPSX2 switch command N/A false true Boolean
HX HX switch command N/A false true | Boolean
R ONX R _ON switch command N/A false true Boolean
5.4.4 Field Oriented Control (FOC)

The Field Oriented Control algorithm implemented for this system consists of a speed control

with the objective of controlling the PMSM to a speed of 5400 rpm. The control algorithm

controls the motor torque through the phase currents to maintain the PMSM speed at this

constant speed. The structure of the Field Oriented Control algorithm implemented is shown

in Figure 5.16.

5.4.4.1

Input Parameters Conditioning

Equations (5.6) and (5.7) are used to calculate parameters used for the Field Oriented Control

algorithm. See Figure 5.16 (1).

theta_e = Pp - theta_motor

(5.6)
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2T
w_motor_req = Speed_req -% (5.7)

5.4.4.2 Park Transform

As described in Section 1.2.2.1, the Park transform is used to convert the phase currents in the
d-axis and g-axis currents. The equation of the Park Transform used in the control algorithm

is shown in Equation (5.8) below. See Figure 5.16 (2).

n - 11 4 (5.8)
. a
E_ cos(theta_e) sm(theta_e)]>< 2 2 || = Id]
3 |—sin(theta_e) cos(theta_e) 0 \3 \/3 Ie ~ g
2 2

5.4.4.3 Closed loop motor control (Speed control)

The Closed loop motor control algorithm is made of 3 layers described as follow. See Figure

5.16 (3):

Speed Control

The speed control closes loop on the speed error between the speed command and the actual
PMSM speed. The speed control is a Proportional-Integral (PI) controller which generates a
torque request. The integrator used in the PI is a Backward Euler integrator which is saturated
within -15.6 N.m to 15.6 N.m. The torque request output is limited between -15.6 N.m and

15.6 N.m to not saturate the integrators of the Field Oriented Control downstream.

Torque Control

The torque request is converted to a g-axis current request. The conversion is done as per the

Equation (5.9) below.
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2 (5.9)

Iq_req = -Tq_req

3 Kgemr

Current Control

The current control algorithm is a Zero d-axis current control (ZDAC), because the PMSM
selected for this system is a flat poles electric machine. Therefore, the d-axis current request is
always set to zero. The current control is a Proportional-Integral (PI) controller which
generates d-axis voltage request and g-axis voltage request. The integrators used in the Pls are

Backward Euler integrators.

5.4.4.4 Inverse Park Transform

The inverse Park transform is used to convert the phase voltage command from the direct-
quadrature system to the ABC phase system. The equation of the Inverse Park Transform used

in the control algorithm is shown in Equation (5.10) below. See figure 5.16 (4):

_1/2 \/—/2‘ [cos(theta_e) —sin(theta_e)]x[[/d_req (5.10)
sin(theta_e) cos(theta_e) Vq_req
—-1/2 —V3/2
Va_req
= Vb_req]
Vec_req

5.4.4.5 Capacitor Voltage Compensation

Because the phase voltage is the sum of the inverter voltage and the capacitor’s voltage, the
FOC voltage command must be compensated to deliver a phase voltage which is sinusoidal.

The inverter voltage command is determined as per equation (5.11) below. See Figure 5.16

(5).
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Va_req VcA VinvA_req (5.11)
Vb_req|— |VcB| = |VinvB_req
Vc_req VeC VinvC_req
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Figure 5.16 Field Oriented Control Algorithm
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Table 5.13 Constants of the Field Oriented Control

Parameter Description Unit Value
T Control Algorithm sample time | second | 0.000001
Speed req | Motor speed target rpm 5400
Pp Number of pole pairs N/A 4
Kp T Speed Control Proportional N/A 1.0
gain
Ki T Speed Control Integral gain N/A 5.0
Kp Id d-axis current Control N/A 20.0

Proportional gain
Ki Id d-axis current Control Integral N/A 100.0
gain
Kp Iq g-axis current Control N/A 20.0
Proportional gain
Ki Iq g-axis current Control Integral N/A 100.0
gain

Table 5.14 Inputs of the Field Oriented Control

Parameter | Description Unit Min Max Type

la Motor phase A current A -50.0 50.0 | fix(1,16,9)

Ib Motor phase B current A -50.0 50.0 | fix(1,16,9)

Ic Motor phase C current A -50.0 50.0 | fix(1,16,9)

theta motor | Rotor angular position rad 0.0 6.2828 | fix(1,12,8)

w_motor Motor shaft speed Rad/sec | -1000 | 1000 | fix(1,12,1)

VcA Capacitor X voltage from the \% -400.0 | 400.0 | fix(1,16,6)
point of view of phase A

VcB Capacitor X voltage from the v -400.0 | 400.0 | fix(1,16,6)
point of view of phase B

VcC Capacitor X voltage from the A% -400.0 | 400.0 | fix(1,16,6)
point of view of phase C

Table 5.15 Outputs of the Field Oriented Control

Parameter | Description Unit Min Max Type

VinvA req | Phase A inverter voltage v -400.0 | 400.0 | fix(1,16,5)
command

VinvB req | Phase B inverter voltage v -400.0 | 400.0 | fix(1,16,5)
command

VinvC req | Phase C inverter voltage Vv -400.0 | 400.0 | fix(1,16,5)
command







CHAPTER 6

SIMULATION OF THE SYSTEM

The whole system has been modeled and simulated in the Matlab/Simulink environment. The
simulation is performed at fixed step, and the simulation time step is set to 1 us (1 MHz). This
sample time is relatively small considering the electrical frequency of 360 Hz at the maximum
operation speed, however it matches the operating frequency of the FPGA and allows for a
better accuracy of the dynamic behavior calculation. It also provides a better simulation of the
phase current harmonics. The following section describe in details the simulation model used

to generate the results provided in Section 7.

6.1 Simulation settings

The integrators used to simulate the continuous domain dynamics of the system are continuous
domain integrators, and the solver used is Runge-Kutta (ode4). The simulation parameters are

resumed in Table 6.1 below.

Table 6.1 Matlab/Simulink Simulation Parameters

Solver type Fixed-Step
Solver Runge-Kutta
Fixed-Step Size 0.000001 sec.
6.2 Simulation Model

The simulation model includes the Control, the Inverter, the Resonant Power Processor (RPP)
and the Permanent Magnet Synchronous Motor (PMSM). Each of those modules have been
implemented in distinct Matlab/Simulink Subsystems. Figure 6.1 shows the schematic of the
architecture of the simulation model. Figure 6.1 also shows the data flow between the different
subsystems of the simulation model. In the next sections, the simulation model is further

broken down and each subsystem is detailed in a comprehensive manner.
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Figure 6.1 Schematic of the architecture of the simulation model

6.2

The Control algorithm described in Section 5.4 has been modeled in Matlab/Simulink. The
flowcharts of the Main Sequencer and the Capacitor Modules control have been implemented
using the StateFlow Simulink tool. The electrical frequency determination, the Field Oriented
Control and the inverter command have been implemented in Simulink. The whole Control

Algorithm has been successfully compiled in VHDL code language for implementation in

1 Simulation of the Control Algorithm

FPGA format. For details of the Control Algorithm, see Section 5.4.

6.2.2

The inverter is a 3 phases 2 level inverter. Its role is to generate the commanded phase voltages.

It outputs the phase voltages according to the status of the commands of the S1 to S6

Simulation of the inverter

MOSFETs. See Figure 6.2 for schematics of the implementation of the inverter simulation.
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6.2.3 Simulation model of the Permanent Magnet Synchronous Machine (PMSM)

The Permanent Magnet Synchronous Machine (PMSM) has been modeled in
Matlab/Simulink. As previously mentioned, the PMSM used for this project is the ABB/Baldor
BSM33C-6177MHQ. The standard PMSM model embedded in Matlab/Simulink was not used
because it does not provide the capability to reset the phase currents to zero amps when the
motor phase is open circuit. Because the RPP can be configured to open the phases circuits,
even momentarily, this behavior needs to be represented in the simulation to provide accurate

results.

The ABB/Baldor BSM33C-6177MHQ has a sinusoidal back-EMF profile with a Back-EMF
constant of 0.161815 V.sec/rad (phase to neutral voltage at electrical frequency) and has a
phase inductance of 3.47 mH. Both values have been confirmed by experimental

measurements on the machine itself.
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It is to be mentioned that the PMSM simulation model used for this project neglects some
second order magnetic and thermal characteristics of the PMSM. First, the phase inductances
are deemed to be a constant. As the ABB/Baldor BSM33C-6177MHQ PMSM is a flat poles
machine, the phase inductance does not change with the rotor angular position. However, the
phase currents themselves may modify the phase inductances because of the magnetic
saturation of the stator. Second, the thermal effects on the phase resistance and back-EMF
constant are neglected. As seen previously, the phase resistance increases with temperature.
Also, the permanent magnets strength decreases with temperature, and therefore does the

Back-EMF constant.

To simulate the preliminary concept of the Resonant Power Processor, the simulation model
of the PMSM is deemed acceptable. However, for an accurate system efficiency assessment,
the PMSM simulation model should consider the magnetic saturation and thermal effect on the
PMSM performances. It should also consider the iron losses caused by the phase current

harmonics. See Figure 6.3 for a schematic of the PMSM simulation model architecture.
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Figure 6.3 Architecture of the PMSM simulation model
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6.2.3.1 Electrical simulation of the PMSM

The electrical simulation of the PMSM converts the phase voltages into phase currents. It
considers the back-EMF which is generated by the PMSM’s shaft rotation. The first step of the
PMSM electrical simulation is to calculate the back-EMF as a function of the rotor position
and motor speed. The back-EMF is calculated for the 3 phases with a 120° phase shift. Once
the Back-EMF is calculated for every phase, the phase currents are calculated as a function of
the input phase voltage and motor Back-EMF. The phase current calculation is being

performed by resolving the differential equation of Equation (6.1) below:

Vxn—Ex=(L-s+R)-Ix (6.1)

Where Vxn is the input phase X voltage, Ex is the back-EMF of the phase X, and Ix is the
phase X current. When the switches configurations in the Resonant power Processor (RPP)
opens a motor phase, the corresponding “OpenX” signal is being routed to the integrator of the
differential equation. When the “OpenX” Boolean is true, the phase current integrator is being
reset to zero amps, which emulates an open circuit condition. See Figure 6.4 for a schematic

of the phase voltage to phase current transfer function as implemented in Matlab/Simulink.

The current to electromagnetic torque calculation is a function of the phase currents and rotor
position. The current to electromagnetic torque calculation is done through the equations (6.2)

to (6.5) below:

Tq, = la- Pp - Kbemf - sin(theta_e) (6.2)
Tqy, = Ib - Pp - Kbemf - sin(theta_e — 2m/3) (6.3)
Tq. = Ic - Pp - Kbemf - sin(theta, + 2m/3) (6.4)

Tq=Ta+Tb+Tc (6.5)
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Torque load

The torque load applied to the PMSM is representative of a propeller. Here, the simulated
propeller generates a torque which is function of speed squared. The simulated propeller is
defined such that its torque load is 14 N.m at a speed of 5400 rpm. This means that at this
condition, the PMSM generates an output power of 7.9 kW. The equation of the torque load
can be found at Equation (6.6) below.

Tipqq = 0.000044 - w2, ,¢0r (6.6)
18
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Figure 6.5 Propeller torque load as a function of speed
Torque to speed calculation

The motor speed and the rotor position are calculated as a function of the torque applied to the
motor shaft. The torque applied to the motor shaft is the difference between the electromagnetic
torque generated by the PMSM and the load torque generated by the propeller. The inertia of
the drive train, which includes the PMSM rotor and the propeller’s inertia, determines the
acceleration of the drivetrain. The rotor speed to rotor position integrator is wrapped between
0 and 27 to replicate the signal of the position resolver. See Figure 6.6 for a schematic of the

Torque to Speed model.
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6.2.4 Simulation Model of the Resonant Power Processor (RPP)

The Resonant Power Processor consists of 4 identical Configurable Capacitor Modules and
one Recharge Circuit. Each of those components have been implemented and simulated in
distinct Matlab/Simulink subsystems. Figure 6.7 shows the data flow between the different

simulation components of the RPP model.

Figure 6.8 shows how the Multiplexed Capacitor Modules Voltages are converted into the
capacitor voltage applied to each motor phase and to the recharge circuit. The control algorithm
ensures that only one of the A, B, C or R switches will be on at a time for a given Configurable
Capacitor Module. Also, the control algorithm ensures that for each motor phase and the
recharge circuit, only one of the 4 Configurable Capacitor Module can be connected
simultaneously to a motor phase or a recharge circuit. Therefore, the capacitor voltage applied
to each motor phase and to the recharge circuit can be calculated as the sum of each
Configurable Capacitor Module’s voltage linked to a given motor phase or the recharge circuit

as per Figure 6.8.

Figure 6.9 shows how the Capacitor Modules Open Circuit Flags are converted into Open
Circuit flags for the motor phases and the Recharge Circuit. The different switch configurations
of the Resonant Power Processor may create an open circuit condition at the point of view of
the motor phases or Recharge circuit. For each Configurable Capacitor Module, Open Circuit

Flags related to each motor phases or to the Recharge Circuit are true when the status of their
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respective switches is off. Additionally, if the Capacitor Polarity Switches (CPSX1 and
CPSX2) of a configurable capacitor module are both set to off, then all the Open Circuit flags
of this Configurable Capacitor Module will be set to true. Figure 6.9 shows that the Open
Circuit Flag of the motor phase or recharge circuit is true if all the open circuit flags for this
motor phase or recharge circuit are true. The Open Circuit flags are used to force the current

of the motor phases or recharge circuit to zero.
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6.2.4.1 Simulation of the Capacitor Modules

The Resonant Power Processor contains 4 Capacitor Modules. The Capacitor Modules can be
seen as sub-components of the Resonant Power Processor and are strictly identical. The
capacitor Module sub-model simply consists of the dynamic model of a capacitor and signal

routing operations implemented as matrix operations, and which are function of the RPP
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switches states. Figure 6.12 shows the architecture of the Capacitor Module simulation model,

including the data flow between the different model components.

The Current Routing block generates the Open Circuit signals of the Capacitor Module
(Open_AX to Open_RX) and the current circulating in the capacitor (Icap). See Equation 6.7
for the matrix operation generating the Icap signal and see Figure 6.13 for the logic that
determines the Open_AX to Open RX signals. The Voltage Routing matrix operation can be

found at equation 6.8.

la la
Phase Currents b Ib e
Ic Ic -
= Open AX| | Open A%
Recharge Current*(Z p——— Ir Ir
+—=-=Open BX ‘OpenE!X —- Capadtor
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Figure 6.12 Architecture of the Configurable Capacitor Module simulation model

la (6.7)
Icap = (CPSX1 — CPSX2)-[AX BX CX RX]-



128

- OR - :_Open_AX
_b_
S O = Y
OR | >~ Open 8X]
| g
CX > P S~ >
g OR | B~ 0Open_cx|
|
RX P \ \:“{\%4»
OR |~ Open_Rx
| g
CPSX1™> .

Figure 6.13 Open Circuit signals determination logic

VcA AX (6.8)
VeB| B v |BX
Voo | = (CPSX2 = CPSX1)-VeX - |
VcR RX

6.2.4.2 Capacitor Simulation Model

The Capacitor Model encloses the dynamic model of the capacitor, and the capacitor
configurator which is used to determine the capacitance “C” of the capacitor as a function of

the HX switch and the capacitor polarity as a function of the CPSX1 and CPSX2 switches.

The dynamic model of the capacitor integrates the current flowing in the capacitor to determine
the capacitor charge “CapQ”. Depending on the HX, CPSX1 and CPSX2 switches
configuration, the integrator is being reset to a different charge. Both CPSX1 and CPSX2
switches being true simultaneously will reset the capacitor charge to 0 Coulomb as both

terminals of the capacitor will be shorted. The HX switch transitioning from true to false will
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divide the capacitor charge in two. The Capacitor Configurator logic determines the integrator
reset Boolean, the capacitor charge reset value and the capacitor’s capacitance. The Capacitor
model architecture is shown at Figure 6.14 below, and the Capacitor Configurator algorithm is

shown at Figure 6.15.

CapQ = 1z
| CPSX1™> > P~ CapReset
CPSX2 > | C a p ac Ito r ——P»—"CapResetVa|
Configurator
HX > > | c
L 1z
lcap P In
CapReset = Reset % Out ." CapQ
‘CapResetVal P RstVal
Capacitor * < Veduex
c = / ~— Voltage

Figure 6.14 Capacitor Model Architecture
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6.2.4.3 Simulation Model of the Recharge Circuit

The recharge circuit consists of the recharge inductance and the semiconductors that control

the recharge energy. The Recharge Circuit solves the differential equation shown at Equation
(6.9) below:

VeX+Vy,=(L-s+R)-I (6.9)

Where VcX is the capacitor’s voltage, Vin is the input voltage, L is the Recharge Inductance
(0.333 mH), R is the Recharge Resistance (0.0016 €2) and I is the Recharge Current. Depending
on the status of the Recharge Circuit Command (R_ON), the input voltage may be the battery
voltage when R_ON is set to true or 0 Volt when R_ON is set to false. The “Recharge Open
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Circuit Boolean” resets the current to 0 Amps when true. The integrator’s output is saturated
between 0 Amps and positive infinite because the Recharge Circuit’s diodes prevent reverse

current.
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Figure 6.16 Recharge Circuit Model Architecture

6.2.5 Simulation of the system losses

Because the losses in the system cannot be neglected, the conduction losses have been
considered in the dynamic model described in Sections 6.2.2 and 6.2.4. The losses are modeled
in the form of voltage drops across the current paths, and the power losses are quantified by
multiplying the current with the voltage drops. Because their fast dynamics cannot be modeled,
the switching losses are not considered in the dynamic simulation of the system. However, the
switching losses are quantified in an open loop implementation based on the switching losses
equations described in this section. The system losses are calculated based on the voltages,
currents and semiconductors state generated by the simulation model. As the simulation model
does not include a thermal model of the system, a temperature of 100°C for each component
is assumed. The following section describes the calculation of the losses of the system. System
losses have been implemented in distinct Matlab subsystems in the form of Matlab code.

Matlab codes modeling the system losses can be found in ANNEX IV to VI.
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6.2.5.1 Simulation of the Inverter Losses

As previously seen in Section 5.2, the modified inverter topology includes 6 MOSFETs and 3
bi-directional switches made of 2 MOSFETs each in anti-parallel configuration. The inverter
switching frequency is fixed at 10 kHz. The semi-conductor losses consist of 2 categories; the
switching losses and the conduction losses. The switching losses occur every time a MOSFET
changes state. As the state transition time is in the range of nanoseconds, the simulation sample
time is too long to capture the semiconductors’ dynamic. The switching losses are applied on
one simulation time step when the MOSFET state transitions. The conduction losses apply
when current circulates through the semiconductor components (MOSFET, Bi-Directional
Switches), therefore the conduction losses must be continuously monitored. See equations
(6.10) to (6.13) for the calculation of the energy losses per simulation time step. Equations
(6.10) to (6.13) are based on the MOSFET losses equations previously seen in section 1.4, and

on the parameters defined in Table 6.2 below.

6.2.5.2 MOSFET switching losses

When a MOSFET transitions from false to true, the dissipated energy can be found as per
Equation (6.10) below:

E VDS IX (QGD + QGS/Z) R on
MOSFET,ON = ~Veson
/ 190 -1072)-0 3\ (6.10)
160.0 - I +y '
Evmosrer,on = k 150-60 )
— I, 61871077

When a MOSFET transitions from true to false, the dissipated energy can be found as per
Equation (6.11) below:

EMOSFET,OFF = 2

Vps " Ix _ ((QGD + Qgs/2) - RG_ON)

Ves(sp)
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84 (6.11)
190 +=-)-107?}- 0.3\
160.0 - Iy /<( 2) )
EMOSFET,OFF = 2 ’ 6.0 )

=1,-9.28-1077

6.2.5.3 MOSFET conduction losses

A MOSFET conducts in forward direction only when its status is ON. Otherwise, it blocks the

current in forward direction. In reverse direction, the current circulates through the body diode

of the MOSFET.

When the MOSFET is ON and conducts current in the forward direction, the conduction loss

in terms of energy per simulation cycle can be found at Equation (6.12) below:

— L T2,
EMOSFET,FWD _RDS,ON IX T

Eyosrerrwp = 1.06 - I - 107 (6.12)

When the MOSFETSs conducts current in the reverse direction (through the body diode), the

conduction loss in terms of energy per simulation cycle can be found at Equation (6.13) below:

EMOSFET,REV = V- |IX| T

Eyosrerrev = 1.5 " |Ix] - 107° (6.13)

6.2.5.4 Losses in the bi-directional switches

The Bi-directional switches being made of 2 MOSFETs in anti-parallel configuration, the
losses of the bi-directional switches consist of the combined losses of the 2 MOSFETs. At all
times when current circulates through a bi-directional switch, the current goes through the
drain and source of one MOSFET and through the body diode of the other MOSFET.

Therefore, the conduction loss of the bi-directional switch is the sum of the conduction losses
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of the MOSFET and body diode of the second MOSFET. Because only the current in forward
direction generates switching losses (reverse direction current passes through the body diode),
the switching loss of only one MOSFET is considered for the bi-directional switch loss

calculation. The voltage through the bi-directional switches is +/- Vdc/2 while switching.

Table 6.2 MOSFET losses calculation parameters

Parameter Description Value Unit
Rps,on Conduction Resistance of the MOSFET 1.06 Q
VF MOSFET Body Diode Voltage Drop 1.5 \Y
Qap GD Capacitor Charge 190.E-9 C
Qgs GS Capacitor Charge 84.E-9 C
RG on Gate resistance during ON transition 0.3 Q
Ra_orr Gate resistance during OFF transition 0.3 Q
VbR Gate Driver Voltage 15.0 \Y
Vassp Gate to source voltage threshold 6.0 \%
Vbs Drain to Source Voltage (Vdc/2) 160.0 \Y
T Simulation sample time 1.E-6 second

6.2.5.5 Simulation of the Resonant Power Processor (RPP) Losses

The Resonant Power Processor contains 4 Configurable Capacitor Modules and one Recharge
Circuit. The losses calculation for the Resonant Power Processor (RPP) includes the total of
the losses in each Configurable Capacitor Module and in the Recharge Circuit. Details of the

RPP losses calculation can be found in the following sections.

6.2.5.6 Losses in the Configurable Capacitor Modules

When the Resonant Power Processor (RPP) is offline, the current in each Configurable
Capacitor Module goes through two bi-directional switches and two sets of two bi-directional
switches in parallel. When the RPP is online, the current in each Configurable Capacitor
Module goes through 4 bidirectional switches in series. If the high capacitance configuration
is not selected, the current circulates in only one S6UF capacitor. If the high capacitance
configuration is selected (HX is true), the current circulates in two 56 UF capacitors in parallel

and the conduction loss of the HX switch is added to the Configurable Capacitor Module’s
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losses. For simplification of the simulation model, in the case the HX switch is “ON”, the
current is assumed to be identical between the two S6UF capacitors. The bidirectional switches
being made of two IGBTs in anti-parallel configuration, the losses in the bidirectional switches
are the conduction losses of the IGBT and of the diode simultaneously. The losses in the
capacitor bank consists of the resistive losses generated by the Equivalent Series Resistance
(ESR). The current through the Recharge Circuit goes through the recharge inductance, one
diode and one MOSFET when the R_ON transistor state is “ON”.

6.2.5.7 Switching Losses in the Bi-Directional Switches

Considering that when the RPP is online, half of the Bi-Directional switches are upstream of
the capacitor and the other half are downstream, one finds that the voltage across the Bi-
Directional switches upstream of the capacitor is equal to the phase voltage and that the voltage
across the Bi-Directional switches upstream of the capacitor is equal to the sum of the phase
voltage and capacitor voltage. As the current flows through the diode of at least one IGBT of
the Bi-Directional switch, the switching losses apply to only the other IGBT which conducts

current in forward direction.

It is to be noted that the Bi-Directional switches are not used for PWM switching, therefore
their switching frequency is relatively low compared to the inverter’s witching frequency.
Also, switching of the RPP bi-directional switches is done at zero current (or close to zero
current), therefore based on Equations (1.44) and (1.45), switching losses at zero current are
negligible. For those reasons, the switching losses of the bi-directional switches in the

Configurable Capacitor Modules are neglected.

6.2.5.8 Conduction Losses in the Bi-Directional Switches

Each Bi-Directional switch in the model generate switching losses and conduction losses. The
conduction losses in a Bi-Directional switch can be found at equation (6.14) below, where

Iepsw 1s the current in the Bi-Directional Switch.
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Egpsw.cona = Vego + Rego * Ispsw + Veco + Reco * Ispsw) “ Ippsw = T

EBDSW,COTld = (16 + 0016 - IBDSW + 13 + 0028 " IBDSW) " IBDSW (614)
Table 6.3 IGBT losses calculation parameters
Parameter | Description Value Unit
Eony Nominal IGBT switch ON energy 1.8E-3 J
EoFr1 Nominal IGBT switch OFF energy 1.4E-3 J
Vet Reference voltage 600.0 \Y
ref Reference current 40.0 A
VcEo IGBT voltage bias 1.6 \Y
RcEo IGBT internal resistance 0.016 Q
VEco Diode voltage bias 1.3 \Y
REco Diode internal resistance 0.028 Q
T Simulation sample time 1.E-6 second

6.2.5.9 Losses in the Capacitor

The losses in the capacitor consists of the resistive losses generated by the Equivalent Series

Resistance (ESR) of the capacitor. As previously seen in Section 5.3.1.1, the capacitor consists

of a capacitor bank of 5 capacitors (2x 60 UF, 1x 70 uF and 2x 80 iF). The capacitor bank has

2 legs with different capacitances in each leg. Therefore, the current will not be equal in each

leg of the capacitor bank. The leg 1 (2x 60 UF capacitors) has an equivalent capacitance of 30

UF, and the leg 2 (1x 70 puF and 2x 80 uF) has an equivalent capacitance of 25 uF. Knowing

that the voltage across both legs of the capacitor bank is identical, one finds that the equations

of the current in each leg of the capacitor bank as a function of the capacitor bank current at

equations (6.15) and (6.16) below:

30
ICap,legl = % ’ ICap

25
ICap,legZ = % ’ ICap

(6.15)

(6.16)



RCap,legl = 2- RCap,60

RCap,legZ = RCap,70 + 2- RCap,SO

2 2
ECap = RCap,legl ’ (ICap,legl) At + RCap,legZ ) (ICap,legz) T

Ecap = 22959107 12,

137

(6.17)
(6.18)

(6.19)

The losses through the insulation layers are neglected and the self-inductance of the capacitor

is also neglected as the capacitor is always connected in series with a significantly higher

inductance (either the motor phases or the recharge inductance).

Table 6.4 Capacitor losses calculation parameters

Parameter | Description Value Unit
Rcap,60 Equivalent Series Resistance (ESR) of 60 uF | 0.0024 Q
capacitor
Rcap,70 Equivalent Series Resistance (ESR) of 70 uF | 0.0014 Q
capacitor
Rcap,80 Equivalent Series Resistance (ESR) of 80 uF | 0.0014 Q
capacitor
T Simulation sample time 1.E-6 second

6.2.5.10 Losses in the Recharge Circuit

The losses in the recharge circuit consist of the conduction losses in the recharge inductance,

the conduction losses in the diodes, the conduction losses in the MOSFET and the switching

losses of the MOSFET.

6.2.5.11 Losses in the recharge inductance

As previously seen in Section 5.3.2, the recharge inductance consists of 3 identical inductances

connected in parallel. The conduction losses in the inductance are the resistive losses caused

by the inductance’s resistance.
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R ind,1

Eing = —5 3T

Ejpg = 1.6-1079- 2 (6.20)

6.2.5.12 Losses in the recharge diodes

The recharge circuit diodes losses are always applied when the recharge current circulates in
the recharge circuit. Either if the recharge MOSFET is ON or OFF, a diode is present on both
possible current paths. The information to model the diode losses are found in the diode’s

datasheet. The losses in the recharge diodes can be found at Equation (6.21) below:

Egioge = (Vpo + RpoIz) "Iz - T
Egige = (0.8 |Ig] + 0.0017 - 12) - 107 6.21)

6.2.5.13 Losses in the recharge MOSFET

The losses in the recharge MOSFET are calculated with the same approach as it was discussed
in Sections 6.2.5.2 and 6.2.5.3.
When the recharge MOSFET transitions from false to true:

E _ Vbs " 1Irl ((@cp + Qas/2) - Rs on
MOSFET,0N 5 Vor — Voscse)
84 (6.22)
190+ —-)-107?|-0.3
320.0 - | 1] (( 2 ) >
Enosrer,on = 2 ) 150 — 3.5

= |Ix| -9.683-1077
When the recharge MOSFET transitions from true to false:

_ Vps - IIRl
EMOSFET,OFF = 2 '

(Qep + Qss/2) - RG_ON)

Vessey



139

84 (6.23)
190 +=-)-107° - 0.3\
320.0 - |I] /<( 2 ) )
EMOSFET,OFF = 2 ’ 35 )
= |Ig|-3- 10°°

When the recharge MOSFET is true:

— ]2
EMOSFET,FWD _RDS,ON IR T

Ewosrer,rwp = 1.78 - 15 - 1077 (6.24)

Table 6.5 Recharge Circuit losses calculation parameters

Parameter | Description Value Unit
Rind,1 Resistance of a ImH inductance 0.005 Q
Rps,on Conduction Resistance of the MOSFET 0.178 Q
Qap GD Capacitor Charge 190.E-9 C
Qas GS Capacitor Charge 84.E-9 C
RG on Gate resistance during ON transition 0.3 Q
RG_oFr Gate resistance during OFF transition 0.3 Q
VbR Gate Driver Voltage 15.0 \Y
Vas(sp Gate to source voltage threshold 3.5 \%
Vbs Drain to Source Voltage (Vdc/2) 320.0 \Y
Vro Diode forward voltage drop 0.8 \Y
Rro Diode forward conduction resistance 0.0017 Q
T Simulation sample time 1.E-6 second

6.2.5.14 Simulation of the Permanent Magnet Synchronous Motor (PMSM) Losses

The losses in the PMSM typically consist of the electrical losses and mechanical losses. The
electrical losses consist of the resistive losses in the motor coils and the iron losses caused by
the current harmonics. The mechanical losses consist of the drag in the rotative components,

caused either by the air drag or the bearings drag.
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As there is no accurate model available to simulate the motor thermal and electromagnetic

behavior, the motor losses could not be quantified. Therefore, the following assumptions are

made:

e The mechanical losses are neglected.

e The iron losses are assessed qualitatively as a function of the phase current harmonics.

e The resistive losses are calculated as per Equation (6.25) below.

Emotor = Rs (IAZ + Il% + Ig) T (6.25)
Table 6.6 Motor losses calculation parameters
Parameter | Description Value Unit
Rs Motor Phase Resistance 0.5 Q
T Simulation sample time 1.E-6 second




CHAPTER 7

PRESENTATION OF THE RESULTS

This section presents the results of the research project. Because no hardware prototype was
built, experimental results are not available. However, the simulation results presented herein
are deemed sufficient to demonstrate the proof of concept and to have a good approximation
of the system performances. First, the simulation has been performed with a time step of 1 s
(1 MHz). This simulation time step is deemed sufficient to capture the pertinent system
dynamics, as the electrical frequency (Fundamental frequency) is 360 Hz and the switching
frequency is 10 kHz. The simulation time step allows to have a 1% resolution on the pulse
width, which is representative of the real system implementation. Also, the conduction losses
have been embedded in the dynamic model, which improve the realism of the simulation. The
switching losses of the semiconductors have not been embedded in the dynamics of the
simulation model because their dynamic is too fast, however the switching losses have been

calculated based on the voltages, currents and semiconductor devices status, as per Section 6.

Even if a functional prototype has not been built, the virtual prototype has been developed
assuming commercially available components and specifications. Their specifications were
available from the supplier’s data sheets. This allowed not only to be able to model the system
losses accurately, but also to estimate the weight of the Resonant Power Processor. The weight
estimation of the RPP is a mandatory parameter to assess the power density of the proposed
system compared to the baseline system. The weight estimate has been done for the power
electronic components, which represents most of the converter weight. The control electronics,
the wires, the cooling system and the mechanical packaging of the RPP have not been

considered in the estimation of the weight.
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7.1 Simulation Results

The simulation results are presented in two distinct aspects. First, the system behavior is
detailed during the entire motor run-up, with more detailed results during key transitions of the
run-up process. This first aspect of the simulation results will mainly focus on the following
parameters: Motor speed and torque, efficiency, control performance, output power quality,
phase voltages and currents, and RPP capacitors. Second, the operation of the Resonant Power
Processor and its control algorithm in steady state is detailed to demonstrate the correct
implementation of the control algorithm presented in Section 5.4. The results presented in this

section are analysed in detail in the Section 8.

7.1.1 Motor Run-up

The model simulates a motor run-up from 0 rpm to 5400 rpm with a propeller load attached to
the output shaft as defined in Section 6.2.3.2. During the run-up, the Resonant Power Processor
goes through 3 important transitions: The Resonant Power Processor transition from Offline
to Online, the capacitance transition from 112 UF to 56 UF and the stabilization towards steady
state operation. Once the motor run-up is completed and stabilization is reached, the system is
in steady state. The following sections shows the different steps towards reaching steady state
operation and provide detailed results of the system performances in steady state. As
mentioned earlier, the load is a propeller which generates torque as a function of speed squared
and is sized to generate a torque of 14 N.m at 5400 rpm. The motor speed and torque of the
PMSM during the run-up are shown in Figure 7.1, the PMSM mechanical power during the
run-up is shown at Figure 7.2, and direct and quadrature voltage commands and currents are
shown in Figure 7.3. The motor phase voltages, capacitors currents and voltages and the DC
Link voltage and current are shown in Figures 7.4 to 7.6 respectively. Finally, the neutral line

current is shown in Figure 7.7.
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7.1.2 1% transition — Resonant Power Processor transition from Offline to Online

During the 1* transition, the RPP goes from Offline Status to Online status. When in Offline
status, the RPP provides a direct connection between the motor and the inverter. When the RPP
goes online, the recharged capacitors are connected in alternance to a motor phase to create a
phase voltage boost that overcomes the motor Back-EMF. All capacitors, after the discharge
cycle, are connected to the recharge circuit to be recharged in alternance. The threshold for
transition between the Offline and Online statuses is when the motor speed reaches 2714 rpm

(2700 rpm plus hysteresis).

The time window of the transition is between 2.82 and 2.84 seconds. Figure 7.8 shows the
motor speed and motor torque during the 1% transition. Figure 7.9 shows the inverter output
phase voltage commands. Figure 7.10 shows the motor phase voltages, which is the combined
voltage of the inverter and the capacitors. Figure 7.11 shows the phase currents. Figure 7.12
shows the DC-Link current and Voltage. Figure 7.13 shows the voltages and currents of all the
Configurable Capacitor Modules. Figure 7.14 shows all Configurable Capacitor Modules
phase selection switches (AX, BX, CX and RX) statuses. Finally, Figure 7.15 shows all
Configurable Capacitor Modules polarity setting switches (CPSX1 and CPSX2) statuses.
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Figure 7.15 Configurable Capacitor Switches CPSX1 and CPSX2 during Ist transition

7.1.3 2" transition - Capacitor Modules Capacitance Transition from 112 uF to 56
UF.

When the motor speed reaches 4536 rpm (plus the hysteresis band of +/- 12 rpm), the electrical
frequency of the motor reaches the point where the gain of the RLC circuit with a 56 uF
capacitor exceeds the gain of the RLC circuit with a 112 UF capacitor. This moment is the
optimal moment to transition from the high capacitance configuration to the low capacitance
configuration. The change of capacitance is done using the HX switches of the Configurable
Capacitor Modules. As mentioned previously, in order to limit as much as possible the current
rush between the 56 UF capacitor banks, the transition to and from high capacitance

configuration is done with the Configurable Capacitor Modules at “Discharged” state.

The time window of the transition is between 4.94 and 4.96 seconds. Figure 7.16 shows the
motor speed and motor torque during the 1% transition. Figure 7.17 shows the inverter output

phase voltage commands. Figure 7.18 shows the motor phase voltages, which is the combined
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voltage of the inverter and the capacitors. Figure 7.19 shows the phase currents. Figure 7.20
shows the DC-Link current and Voltage. Figure 7.21 shows the voltages and currents of all the
Configurable Capacitor Modules. Figure 7.22 shows all Configurable Capacitor Modules
phase selection switches (AX, BX, CX and RX) statuses. Finally, Figure 7.23 shows all
Configurable Capacitor Modules polarity setting switches (CPSX1 and CPSX2) statuses.
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Figure 7.16 Motor Torque and Motor Speed during 2nd transition
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Figure 7.23 Configurable Capacitor Switches CPSX1 and CPSX2 during 2nd transition

7.1.4 3" transition — Stabilization towards steady state operation

The 3™ transition is the transition between maximum torque operation during run-up and the
stabilization at 5400 rpm and 14 N.m of torque. During this phase, the configuration of the
Resonant Power Processor does not change and only the Field Oriented Control adjusts its
control parameters to command the required torque to maintain a steady state operation at the
target speed and torque. The 3™ transition occurs between 7.8 and 8.8 seconds of simulation
time. Figure 7.24 shows the motor speed and torque during the stabilisation transition. Figure
7.25 shows the d and q axis voltage commands and the d and q axis currents during the 3™

transition.
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7.1.5 Steady State Operation at 5400 rpm

The target operating point is at a speed of 5400 rpm and a motor output torque of 14 Nm. As
mentioned earlier in section 1, aircraft engines typically operate at steady speed and torque for
long periods of times, unlike an automotive vehicle which typically constantly changes speed
and torque over the drive cycle. In this section, the performances of the proposed system will

be analyzed at this specific point of operation.

The operation in steady state is defined by the time period between 9 and 10 seconds. The
steady state operation results are divided in 3 distinct aspects. The first aspect of the steady
state results shows the electrical behavior of the system. The second aspects describe the
performances of the system in steady state in terms of efficiency, energy consumption and

power density. The 3 aspect covers the performances of the control algorithm.

7.1.5.1 Electrical behavior of the system in Steady State

For clarity of the figures, a 10 ms time window (between 9 seconds and 9.01 seconds) has been
selected to show the behaviors of the system in detail. This section shows the electrical
parameters (currents and voltages) in the different components in the system and details the
operation of the Resonant Power Processor. Figures 7.26 to 7.28 show the inverter output phase
voltage commands, the motor phase voltages, which is the combined voltage of the inverter
and the capacitors, and the phase currents. Figure 7.29 shows the DC-Link current and Voltage.
Figure 7.30 shows the voltages and currents of all the Configurable Capacitor Modules. Figure
7.31 shows all Configurable Capacitor Modules polarity setting switches (CPSX1 and CPSX2)
statuses. Finally, Figure 7.32 shows the electrical and control parameters of the Configurable

Capacitor Module 1 as an example.
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Figure 7.32 Configurable Capacitor Module 1 during Steady State

7.1.5.2 Performance of the system in Steady State

This section presents the performances of the system in steady state. First, the losses in the

different components are detailed in the tables 7.1 to 7.5. The losses values and efficiency

values in the Tables 7.1 to 7.5 are averaged over 1 second, between 9 and 10 seconds of

simulation, where the system is considered in steady state.

Table 7.1 Power Summary of the system

Input DC Power 10602 W
Switching losses 25 W
Output Power (mechanical power) 7908 W
Total system efficiency 74.6 %
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Table 7.2 Power summary of the inverter

Inverter input power (DC power) 2605 W
Inverter switching losses 1W
Inverter conduction losses 336 W
Inverter output AC power 2268 W
Inverter efficiency 87.1%

Table 7.3 Power summary of the RPP (discharge cycles)

RPP input power (inverter output power) 2268 W
Capacitor Discharge power 6172 W
Capacitor discharge conduction losses 375 W
Net Capacitor Discharge power 5797 W
RPP output power (combined capacitors and inverter) 8065 W
RPP discharge cycles efficiency 95.6%

Table 7.4 Power summary of the RPP (recharge cycles)

RPP input recharge power (DC power) 7997 W
Capacitor recharge conduction losses 1578 W
Recharge circuit switching losses 24 W
Recharge circuit conduction losses 515 W
Net Capacitor Recharge Power 6172 W
RPP recharge cycles efficiency 77.2%

Table 7.5 Power summary of the PMSM

Motor input electrical power 8065 W
Motor conduction losses 157 W
Motor output mechanical power 7908 W
Motor efficiency 98.1%

7.1.5.3 Performances of the Control Algorithm

The primary objective of the control algorithm is to control the motor speed to match the speed
target. The motor torque, and therefore the phase currents, are automatically adjusted by the
control algorithm to maintain the motor speed at the speed target irrelevant of the load torque,
unless a limitation prevents the motor speed to reach its target. The following section describe

the performance of the control algorithm. Figures 7.33 and 7.34 show the motor speed and
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torque in steady state. Tables 7.6 and 7.7 show the statistical data of the speed and torque of
the PMSM output shaft, in addition to the control error and stabilization time of the speed

control loop.

Table 7.6 Motor speed statistics in Steady State

Parameter Value
Mean Speed 5397.76 rpm
Maximum Speed 5397.82 rpm
Minimum Speed 5397.73 rpm
Standard Deviation of Speed 0.019 rpm
Speed Target 5400.0 rpm
Speed Stabilization Time 0.65 second
Steady State Speed Control Error 2.24 rpm (0.04%)

Table 7.7 Motor torque statistics in Steady State

Parameter Value

Mean Torque 13.99 N.m
Maximum Torque 14.91 N.m
Minimum Torque 13.20 N.m
Peak-to-peak fluctuations 1.71 N.m
Standard Deviation of Torque 0.25 N.m




166

53005/ | | | | | | -

5399 —

Speed (rpm)

5398.5[— —

53e8|- | | | | | | -

] a1 92 a3 04 a5 26 a7 a8 a9 10
Time {seconds)

Figure 7.33 Motor Torque and Motor Speed during Steady State
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7.1.5.4 Phase current spectral analysis

In order to quantify the phase current harmonics, a FFT analysis has been done on the phase
current of phase A during steady state operation. A sample of 10 cycles at a fundamental
frequency of 360 Hz (electrical frequency at operating speed) has been used to compute the

THD. The following section quantifies the phase current harmonics and THD.

Table 7.8 Total Harmonic Distortion (THD) of Phase Current A

Signal THD (%)
Phase A current 3.69%
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Figure 7.35 FFT amplitude spectrum analysis of phase A current
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Figure 7.36 FFT amplitude spectrum analysis of phase A current
(Zoomed amplitude for harmonics)

7.2 System weight and power density

In this section, the weight of the PMSM, the inverter and the Resonant Power Processor are

calculated from the Bill of Material (BOM) presented in ANNEX III.

Table 7.9 Resonant Power Processor System Power Density Data

Parameter Value
Motor Weight 18.3 Kg
Inverter Weight 604 g
Resonant Power Processor Weight 52.5Kg
Output Power 7908 W
Power Density 110.8 W/Kg




CHAPTER 8

RESULTS ANALYSIS

This section reviews and analyses the results presented previously in Section 7. The operation
of the RPP is first analysed. The performances of the control system are also reviewed and
explained. The system efficiency, losses and power density are then reviewed. Finally, the

hypothesis of Section 3 are verified with regards to the results presented in the previous section.

For some aspects of the results analysis, a comparison has been made with a baseline system,
made of a DC-DC boost converter that brings the DC link voltage from 320 Vdc to 750 Vdc
(2.34:1 boost converter). Also, the inverter used for the comparison is a Three-Level Neutral
Point Clamped, T-Type, as detailed in Section 1.3.4.2. This baseline system is deemed to be
the best solution available with the prior art to supply the electrical power to the PMSM at a
speed of 5400 N.m and an output torque of 14 N.m. This baseline system is used to make a fair
comparison between the prior art capabilities and the RPP system capabilities. The baseline

system Simulink model can be found in ANNEX VII.

8.1 Operation of the Resonant Power Processor (RPP)

8.1.1 Initiation of run-up and operation up to 2700 rpm

Upon run-up initiation (at t=0 second), the standard ZDAC control algorithm ensures the
scheduling of the inverter’s output voltage in order to maintain the maximum torque of the
motor. Before the RPP is activated, the system behaves like a normal inverter fed PMSM drive,
with the exception that the inverter is not a classic inverter but is in fact a modified Three-
Level Neutral Point Clamped, T-Type inverter, as explained in Section 5.2. During operation
with the RPP offline, the Configurable Capacitor Modules 1, 2 and 3 are configured as a pass-
through between the inverter and the motor (the currents bypass the capacitors because all
CPSX1 and CPSX2 switches are “ON”), and the Configurable Capacitor Modules 4 is

completely isolated from the motor phases.
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8.1.2 1% transition — Resonant Power Processor transition from Offline to Online

The speed threshold for RPP activation has been set to 2700 rpm with a hysteresis band of +/-
14 rpm. Once the speed threshold has been reached, the RPP control algorithm sets the
“BOOST_ON” Boolean to true, sending the command to the 4 Configurable Capacitor
Modules to initiate the recharge and discharge cycles. The 4™ Configurable Capacitor Module
is the first one to enter the recharge cycle as the Configurable Capacitor Module 4 is initially
completely isolated from the motor phases. Upon activation, the RPP recharges the 4%
Configurable Capacitor Module and waits for the signal to discharge the capacitor in a motor
phase. As seen in Section 5.4, the timing of the capacitor discharge cycle is based on the rotor
position (zero Back-EMF crossing). When the phase B zero Back-EMF crossing signal occurs,
the RPP control disconnects the Configurable Capacitor Module 1 from the phase B then
connects the Configurable Capacitor Module 4 to the phase B. The Configurable Capacitor
Module 1 then immediately recharges and then waits for the phase A to be ready to accept a

recharged capacitor.

The recharged capacitors voltages are added to the inverter output voltage in alternance,
ensuring enough phase voltage to counter the increasing Back-EMF. Upon activation of the
RPP, the “High Capacitance” configuration (C=112 uF) is selected to match as much as

possible the natural frequency of the motor phases’ RLC circuits at low speed.

8.1.3 2" Transition — High Capacitance to Low Capacitance Transition

Once the speed of 4500 rpm is reached, the RPP transitions from the “High Capacitance”
configuration (C=112 uF) to the “Low Capacitance” configuration (C=56 UF). During this
process, the motor torque is slightly disturbed for a short period of time before it stabilizes
again at the maximum torque until the desired speed is reached.

As shown in Section 5.4, the transition from the “High Capacitance” configuration to the “Low
Capacitance” configuration is done when the Configurable Capacitor Module control state is
at “Discharged”. This is for two reasons; first, the transition is done a zero current to limit the

losses in the “HX” switches. Second, the transition is done at the minimum capacitor energy
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level, again to limit the stress in the “HX” switches. The capacitance reduction from 112 to 56
UF does not generate a significant stress on the “HX” switches because at the moment of the
transition, the voltages in both capacitors are equal. However, in the scenario where the motor
was decelerating, the transition would have occurred from 56 pUF to 112 uF, which would have
required to close the “HX” switch with possibly a high voltage difference between the two

capacitors.

During this 2™ transition, there is no change in other system status or control state. The FOC
continuously operates in ZDAC control mode, and RPP control operates with the same

algorithm.

8.14 3" Transition — Stabilization towards Steady State

When the desired speed of 5400 rpm is reached, the closed loop speed control sets the torque
request which is required to maintain the speed to the speed target. Steady state operation at

5400 rpm and 14 N.m shows that the control system successfully controls the motor.

During the 3™ transition, only the FOC adjusts the inverter output voltage to adjust the phase
current, and therefore the motor torque. The capacitor voltage request is set in open loop as a

function of motor speed.

8.1.5 Steady state operation

In steady state, the RPP manages to maintain the motor torque at 14 N.m with a speed of 5400
rpm. At this torque and speed, the output power is 7.9 kW.

8.2 Torque Ripples in Steady State

The torque ripple in steady state is a good indicator of the output power quality of the system.

Large torque ripples may increase the speed oscillations and may induce increased vibratory
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stresses in the propeller or to the load attached to the output shaft. For those reasons, the torque

ripples need to be reduced as mush as possible.

To make a comparison between the prior art solution and the Resonant Power Processor
system, the model defined in ANNEX VII has been used as a baseline. The torque ripples
comparison shows that the output torque quality of the Resonant Power Processor is superior

to the 3 Level inverter with a DC-DC Boost converter.

Table 8.1 Output torque quality comparison between RPP system and
baseline system.

Parameter RPP 320V 3L Inv.
750V
Mean Torque 13.99 N.om | 14.00 N.m
Maximum Torque 1491 N.om | 15.32 N.m
Minimum Torque 13.20N.m | 12.48 N.m
Peak-to-peak torque fluctuations 1.71 N.m 2.84 N.m
Standard Deviation of Torque 0.25 N.m 0.60 N.m
8.3 Current Harmonics in Steady State

The phase current harmonics are also a good indicator of the output power quality of the
system. High amplitude phase current harmonics, especially at high frequency, induce iron
losses in the motor’s rotor and stator, which in turns increase the motor temperature. For this

reason, the phase current harmonics need to be reduced as mush as possible.

To make a comparison between the prior art solution and the Resonant Power Processor
system, the model defined in ANNEX VII has been used as a baseline. Table 8.2 shows the
comparison of THD between the RPP and the baseline system. Figures 8.1 to 8.3 show FFT

analysis frequency spectrum used to make the current harmonics comparison.
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Table 8.2 Phase current THD comparison between RPP system and baseline system

Signal THD (%)
Phase A current (RPP system at 320 Vdc) 3.69%
Phase A current (3-Level Inverter at 750 Vdc) 4.87%
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Figure 8.1 FFT amplitude spectrum analysis of phase A current (RPP vs baseline)



174

Phase Current FFT Amplitude Spectrum
0.5 T T T T T T T

0.45 - 4
0.35 - 7

0.25 - T

Magnitude (A)

0.2 T

0.15 7
01+
0.05 - ‘
o .| I J L L oecl ! -1 b, ol »
: : : 1.8

. 2
f (Hz) x10%
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The frequency spectrum analysis of the phase current shows that the current harmonics induced
by the 10 kHz PWM switching of the inverter are of greater magnitude on the baseline system
when compared to the RPP (Circled in red on Figure 8.3). However, the RPP shows many
small amplitude parasitic harmonics which cannot be observed on the Baseline system. To
better understand the root cause of the parasitic harmonics on the FFT, a time-domain analysis
and comparison of the phase currents is shown on Figure 8.4. It can be observed that the
baseline system current sinewave almost perfectly matches the reference sine wave, and the

PWM induced current oscillations are clearly distinguishable.

With the RPP, two discontinuities occur. First, during the transition between capacitors, the
phase current is momentarily interrupted to allow the change of configuration of the RPP. This
current interruption time is 50 us. Because the FPGA processing frequency is 1 MHz and
because the input signals are processed by the control system at 200 kHz, this delay period
could be reduced to 15 pus or less without risking an overrun of the phase selection algorithm.
This would reduce the current harmonics generated by the current step near zero current. See

Figure 8.4 where the phase current interruption near zero current is circled in red.

Second, the phase current of the RPP near peak current slightly undershoots the reference sine
wave (Circled in red on Figure 8.4). It can be observed in the Figure 7.27 that at peak voltage,
the inverter is saturated and cannot provide the required voltage to maintain a perfect sinusoidal
current profile. This can be improved by charging the capacitors to a higher voltage. Charging
the capacitors to a higher voltage would reduce the required inverter output voltage to generate
the perfectly sinusoidal current profile. It is to be noted that the recharge cycle is used at only
~70%, with ~30% of dead time. This allows to charge the capacitors to a higher voltage without

risking of overrunning the recharge process.

The phase current harmonics comparison shows that the THD is better with the RPP compared
to the baseline system. It can be observed on Figure 8.4 that the phase current profile is

smoother with the RPP compared to the baseline system.
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Figure 8.4 Phase current profile comparison between RPP and Baseline

8.4 General observations

8.4.1 Electric Machine Phase/Recharge Circuit Selection (EMPRCS)

The control algorithm successfully manages the Electric Machine Phase/Recharge Circuit
Selection (EMPRCS) throughout the system run-up. In no occurrence the control algorithm
allows to connect a Configurable Capacitor Module to more than one motor phase or recharge
circuit simultaneously, even during transitions from one phase to the other. Also, the control
algorithm successfully manages the recharge cycles timing, never commanding two

Configurable Capacitor Modules to be recharged simultaneously.
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The control algorithm manages the transitions between states, and the associated motor phase
or recharge circuit as expected. In all cases the discharge process is properly timed with the
triggering events, which are the back-EMF zero crossings of the half period. Also, in all cases
the recharge process is properly timed with triggering events, which are the recharge available

flag and recharge current zero-crossing.

8.4.2 Capacitor Polarity Selection (CPS)

The control algorithm successfully manages the Capacitor Polarity switches. Through the run-
up process, the capacitors’ polarities are always set properly to either provide discharge energy
to the motor phase or to benefit from the discharged capacitor’s residual energy for the recharge

cycle.

The control algorithm ensures that both CPSX1 and CPSX2 switches are closed
simultaneously only when the RPP is offline to create a pass-through circuit directly linking
the inverter to the motor. Once the RPP is active, in no occurrence both CPSX1 and CPSX2
switches are closed simultaneously, as this would cause a short circuit between both terminals

of the capacitor.

As expected, both CPSX1 and CPSX2 switches are open (OFF) during transitions in order to

lock the capacitor’s energy and provide zero current switching capability.

8.4.3 Capacitance Setting (CS)

The control algorithm successfully change the Configurable Capacitor Modules’ capacitance
as expected by commanding the “HX” switches according to the motor speed and Configurable
Capacitor Module’s state. As mentioned previously, the transition occurs when the capacitors

are in discharged state, which minimize the stress on the “HX” switches.
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8.4.4 Zero Current Switching in the RPP

The Resonant Power Processor control algorithm has been designed to ensure Zero Current
Switching in all phase selection switches (AX, BX, CX and RX), capacitor polarity switches
(CPSX1 and CPSX2) and capacitance selection switches (HX). The test results show that this

objective is largely met.

First, the ZDAC control aligns the phase current vector with the Back-EMF vector. This
ensures that the triggers for initiating and terminating the discharge cycle in the motor phases
can be timed directly by the Back-EMF zero crossing criteria. Figure 8.5 below shows a close-
up of the discharge cycle initiation and termination with regards to the phase current. One can
observe that in steady state, the phase current at discharge initiation and termination are below
2 A. It is important to switch the phase selection switches at the lowest current possible as in
all cases, switches are connected to either the motor phases inductances or the recharge circuit
inductances. It is known that the current circulating in an inductance has an inertia, similar to
a moving mass. Suddenly opening circuit of an inductive circuit in which current circulates
may generate a high voltage peak, which will ultimately increase the switching losses. At 2 A
of phase current, the energy stored in the motor phase inductance is 7 mJ. As previously
mentioned in Section 8.3, the zero-current switching performance could be improved by

reducing the RPP configuration time between capacitor discharge cycles.
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Figure 8.5 Phase current during discharge cycle initiation and termination

Second, the CPSX1 and CPSX2 switches change configuration only in the discharged or
recharged state, where the current is null. As previously mentioned, in no circumstance both
CPSX1 and CPSX2 switches are ON simultaneously. Also, the CPSX1 and CPSX2 switching
is performed when the Configurable Capacitor module is open circuit by the phase selection

switches, ensuring ZCS.

Finally, as previously mentioned, the HX switches change state in Discharged state, where

current is null.

It is to be noted that the recharge circuit MOSFET (R_ON) switches at zero current half of the
time. During turn-on, the recharge current is null therefore ZCS is achieved. However, during
turn-off, the recharge current is maximal. In order to prevent a high voltage surge at the
recharge MOSFET, a free-wheeling path is available for the recharge current through the
bypass diode.
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8.4.5 Neutral Current

Because the neutral of the motor is not floating, the sum of all phase currents are not
automatically equal to zero. Theoretically, when all phase currents are perfectly sinusoidal and
of exact same magnitude, the sum of all currents always equals zero, even when the motor
neutral is not floating. However, because the phase currents are not perfectly sinusoidal and
not exactly of the same magnitude, a current circulates in the Motor Neutral lead. Connecting
the motor neutral to the battery zero-volt reference creates the advantage that the phase currents
can be controlled independently. This is particularly useful when the control must manage

capacitor voltages in the phase voltage equation.

From Figure 7.7, it can be observed that during the run-up, the neutral current can reach up to
25 A peak. However, in steady state, the neutral current is only 0.67 A rms, which indicates

that the phase currents are properly balanced.

8.4.6 Battery Current

The battery current during the run-up process is shown in Figure 7.6. it can be observed that
before the RPP activation, the battery current is stable. However, after activation of the RPP,
the battery current draws significant current spikes, up to approximately 200 A. The battery

current spikes are caused by the capacitor recharge cycles.

8.5 Compliance with design requirements

It has been verified that the components requirements described in ANNEX I are met
throughout the system run-up process. The simulation results show that most components of

the system have been properly sized for the operation, with the exceptions described below:

e The AX, BX and CX switches maximum current requirement is 20 A peak, but the

maximum phase current reached during the run-up process is 23 A peak. However, it is to
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be noted that the selected bi-directional switches can withstand up to 150 A peak.

Therefore, implementation ensures proper functioning of the system.

The inverter MOSFETs maximum current requirement is 20 A peak, but the maximum
phase current reached during the run-up process is 23 A peak. However, it is to be noted
that the selected inverter MOSFETs can withstand up to 29 A peak. Therefore,

implementation ensures proper functioning of the system.

The recharge MOSFET current reaches 175 A, however the requirement and

implementation of the component set the maximum peak current to 150 A.

The recharge inductance current reaches 175 A, however the requirement and
implementation of the component set the maximum peak current to 150 A (50 A per

inductor).

The phase A, B and C phase current sensors maximum current requirement is 20 A peak,
but the maximum phase current reached during the run-up process is 23 A peak. However,
it is to be noted that the selected phase current transducer range is from -50 A to 50 A.

Therefore, implementation ensures proper functioning of the system.

The 56 UF capacitor bank tolerance is not met. Implementation of the 56 pUF capacitor bank
makes the nominal capacitance to be 55 uF. The nominal value of the capacitor banks is
within the capacitance acceptable tolerance as per ANNEX I, however the components
themselves have a tolerance of +/- 5%, which ultimately bring the lowest possible
capacitance to 52.7 UF (the lowest acceptable capacitance is 53.2 UF as per ANNEX I).
However, as the capacitor banks are made of multiple components, it reduces the
probability that all capacitors in the capacitance bank are on the low side, therefore
reducing the probabilities that the capacitor banks do not meet the +/- 5% tolerance

requirement.
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e The implementation of the 0.330 mH recharge inductance does dot meet the tolerance
requirements of ANNEX I. The 1 mH inductances used in the implementation have +/-
15% of inductance tolerance. However, enough bandwidth exists in the recharge cycle to
allow for a bigger inductance, which will ultimately increase the recharge cycle time. Also,
as the inductance is made to 3 identical parts, it reduces the probability that all inductors in
the inductance bank are on the low or high side, therefore reducing the probabilities that

the inductance bank does not meet the +/- 5% tolerance requirement.

Because the non-compliance to the requirements occurs for very short periods of time, and as
the exceedances are not significant and occur only once in the run-up process, it is deemed that

the components are able to withstand the exceedances for a proof-of-concept demonstrator

prototype.
8.6 Performance of the control system
8.6.1 Performance of the control system during run-up

The simulation results show that the base speed of the motor, with a battery voltage of 320
Vdec, is approximately 2000 rpm. Below 2000 rpm, the motor can maintain its maximum torque
and maximum current (or in our case close to maximum torque and maximum current). It is to
be noted that the torque limit is set to 15.6 N.m in the motor controller, however the Field
Oriented Control is operating in transient during this period because the motor is constantly
accelerating. It is shown at Figure 7.3 that the d-q axis voltage commands are in transient state,
continuously adjusting for the changing back-EMF and phase impedance. Stronger controller
P-I gains could have improved the maximum torque tracking in transient state. However, the
controller P-I gains have not been optimized as part of this research project, as the objective is

to demonstrate a proof of concept for the Resonant Power Processor.

From approximately 2000 rpm, the phase current, and therefore the motor torque, decreases
until the motor reaches almost steady state at approximately 2700 rpm, where the available

motor torque is almost equal to the load torque. Within this speed range, the motor power
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cannot be increased because the increasing back-EMF counters the phase voltage to a point
where the maximum phase current cannot circulate in the motor phases anymore. During this
transition period, the integrator of the g-axis current command to g-axis voltage command
transfer function constantly decrease the g-axis voltage command until the minimum value of
-500 V is reached (the outputs of the integrators are limited within +/- 500V). During this
period, the control strategy is still Zero D-Axis Current (ZDAC), so only the g-axis current

decrease while the d-axis current remains zero, as shown in Figure 7.3.

At 2700 rpm, the Resonant Power Processor (RPP) activates, and the motor torque
momentarily reaches 19 N.m of torque. This transient torque overshoot is because the d-q axis
voltage commands were high from the previous operational condition where the Back-EMF
was preventing the full phase current, as shown in Figure 7.3. As the commanded phase
currents can be reached, the FOC integrators de-saturate and converge to the proper voltage

operating set point.

For the rest of the run-up, the motor torque is maintained to a maximum value of 15.4 N.m,
which is only 0.2 N.m lower than the maximum torque of 15.6 N.m set in the controller (1.3%

lower than maximum value).

8.6.2 Performance of the control system during steady state operation

Once the target speed is reached or exceeded, it can be observed that the closed loop speed
control is able to manage the motor torque, and therefore the phase currents, to stabilize the
motor speed at the speed target in 0.65 second, and within 0.04% of speed control error. The
motor speed ripples remain within 0.09 rpm peak-to-peak. The inertial load of the propeller
being 0.1 Kg.m?, it helps damping the torque ripples and maintaining the speed fluctuations at
low amplitude. It is to be noted that the performance of the control algorithm has not been
tested with a varying load, as the load has been assumed to be a pure function of motor speed

squared.
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8.6.3 Performance of the Capacitor Voltage Control

The capacitor voltage request is an open loop parameter which is function of motor speed. As
the Back-EMF is function of motor speed, also setting the capacitor voltage request as a
function of motor speed is equivalent to setting the capacitor voltage request as a function of
the motor Back-EMF. This is justified by the fact that the purpose of the recharged capacitors
is to counter the motor back-EMF, allowing phase currents to reach the desired values with
sufficient margin to generate a sinusoidal current profile. The value of the Capacitor Voltage

Request is generated by the Main Sequencer as per Figure 5.11.

The controller that ensures that the recharged capacitor voltage is part of the individual
Capacitor Module Controls. The control of the recharged capacitor voltage is based on the
calculation of the initial capacitor energy and energy input. As seen previously, in a LC
resonant circuit, the energy is exchanged between the capacitor (in the form of potential
energy) and the inductance (in the form of kinetic energy). The recharge cycle allows to convert
the residual capacitor energy into kinetic energy in the inductance before it is converted to

potential energy again at the end of the recharge cycle.

The control algorithm that schedules the “R_ON” MOSFET to properly charge the capacitor
can be found in Figure 5.9. The algorithm subtracts the initial capacitor energy from the total
capacitor energy request in order to determine the energy input required. The control algorithm
monitors the input energy by integrating the instantaneous power from the battery minus the
instantaneous power losses of the RPP (estimated to the losses in the Configurable Capacitor
Module). This approach has been selected in order to benefit from the resonant dynamics of
the recharge current, which allows to harvest the inductance energy in the form of current and

convert it to capacitor energy in the form of capacitor voltage.

Figure 8.6 below shows the recharged capacitor voltage compared to the capacitor voltage

request through the run-up process.
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Figure 8.6 Capacitor Voltage vs Capacitor Voltage Request (Config. Cap. Module 1 shown)

One can observe that in the High Capacitance configuration, the recharged capacitor voltage
error is larger than in the Low Capacitance configuration. This is mainly due to the fact that
the losses estimation equation is based on the Low Capacitance configuration (HX OFF).
When in the High Capacitance configuration is selected, the conduction losses are superior
compared to the conduction losses in Low Capacitance configuration. The conduction losses
are therefore underestimated when in High Capacitance configuration, causing the recharged

capacitor voltage to be below the target.

As previously explained in the Section 5.3.1.1, the implementation of the capacitor banks
makes their high and low nominal values to be 110 uF and 55 pF respectively. As the control
algorithm considers that the nominal high and low capacitance values are 112 uF and 56 UF
respectively, the capacitor recharge algorithm overestimates the amount of energy required to
achieve the requested recharged capacitor voltage. However, because only the RPP conduction

losses are considered in the input energy calculation request, the effect of overestimating the
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capacitor energy in the recharge control algorithm is partially cancelled. The performance of
the capacitor recharge control is deemed acceptable, especially because the fine-tuning of the

phase voltage is performed by the inverter.

8.7 Efficiency, power losses and power density

The performance of an electrodynamic system is mainly driven by its efficiency and power
density. Therefore, those aspects need to be deeply analysed in order to make a judgement on
the advantages and disadvantages of the RPP with regards to the prior art. The following sub

section analyses the performances of the RPP system and compares it with the baseline system.

8.7.1 Efficiency and power losses
8.7.1.1 Baseline System DC-DC boost conversion efficiency and power losses

As previously mentioned, the baseline system configuration requires to increase the DC-link
voltage from 320 Vdc to 750 Vdc. This energy conversion always involves losses, and without
a suitable DC-DC converter model, these losses are difficult to quantify. To have an
approximation of the DC-DC conversion losses and efficiency, off-the-shelf components have
been assumed. The commercially available DC-DC converters come with a data sheet which

quantify the efficiency of the component.

A research on the website www.digikey.ca to find a suitable DC-DC boost converter concluded
that high power DC-DC converters are not common. Actually, only one DC-DC converter was
available in the range of 10 kW to 12 kW, and no higher power DC-DC converter was
available. This converter is the TDK-Lambda EZA11K320240
(https://product.tdk.com/en/system/files?file=dam/doc/product/power/switching-power/

bidirect-converter/catalog/ezal 1k_e.pdf). The datasheet of the converter mentions that this
DC-DC converter can provide a boost ratio of 4:3, can operate at 240V nominal input voltage

and 320V nominal output voltage, and has a power rating of 11 kW.
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Assuming that this DC-DC converter can be used with the same boost ratio at higher voltages
and higher power, one finds that 3 DC-DC converters in series are required to increase the DC
link voltage from 320 Vdc to 750 Vdc. The output power is assumed to be the input power of
the inverter (See Tables 8.3 and 8.4). The conversion efficiency of all stages is 95%, which is
the efficiency claimed by the supplier in the data sheet. See Table 8.3 for the power summary

of the baseline system DC-DC conversion.

Table 8.3 Power Summary of the baseline DC-DC conversion

Parameter Value
1*' Boost stage input voltage 320 Vdc
1% Boost stage input power 9930 W
1% Boost stage output voltage / 2™ Boost stage input voltage 426.7 Vdc
15t Boost stage output power / 2" Boost stage input power 9433 W
2™ Boost stage output voltage / 3™ Boost stage input voltage 568.7 Vdc
2" Boost stage output power / 3™ Boost stage input power 8962 W
3" Boost stage output voltage 750 Vdc
3" Boost stage output power 8514 W
Global DC-DC conversion efficiency 85.7 %

8.7.1.2 Inverter efficiency and power losses

The Three-Level Neutral Point Clamped, T-Type inverter topology has been used for both the
RPP system and the baseline system. Only the external connections to the inverter have been
modified for the RPP system to allow all 3 phases to output negative or positive voltages

simultaneously.

Because for the same phase current the Baseline system DC-link is 750 Vdc compared to 320
with the RPP’s inverter, the inverter input power is significantly increased, as well as the

inverter output power.

To make the baseline system’s inverter power summary, the inverter output AC power as been
measured on the simulation results, and the losses (switching and conduction) losses have been

calculated with the same inverter loss model as used for the RPP power summary of Section
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7.1.5.2. It can be observed that the conduction losses in the inverter is very similar between the
RPP’s inverter and the baseline system’s inverter. This is because the phase current is the same
in both configurations. Because the conduction losses are only function of current, the higher
input voltage increase the input power but not the losses, increasing the baseline inverter’s
efficiency. The switching losses have been calculated based on the data sheets of the semi-
conductors supplier. See Table 8.4 for the summary of the inverter losses for both the RPP

system and the baseline system.

Table 8.4 Power summary of the inverter (RPP system vs baseline system)

RPP 320V 3L Inv.
750V
Inverter input power (DC power) 2605 W 8514 W
Inverter switching losses 1W 1W
Inverter conduction losses 336 W 339 W
Inverter output AC power 2268 W 8174 W
Inverter efficiency 87.1% 96.7%

8.7.1.3 RPP efficiency and power losses

The RPP losses account for the most significant part of the losses in the RPP electrodynamic
system. As seen in Section 7.1.5.2, the recharge cycle efficiency of the RPP is as low as 77.2%,
but the discharge cycle efficiency is good with 95.6%. The difference of efficiency between
the recharge and discharge cycles is for two reasons. First, the recharge current goes through
the recharge inductance, recharge diodes and recharge MOSFET in addition to the
Configurable Capacitor Modules, when the discharge current only goes through the
Configurable Capacitor Modules. Second, the recharge current is significantly above the phase
current, as the peak phase current reaches 15 Amps and the peak recharge current reaches 140
Amps. Because the voltage drops in the semi-conductors increase with current, and because
the power losses are the product of the voltage drops and current, the increased currents have

a double effect on the conduction losses.

Referring to the Tables 7.2 to 7.4 of Section 7.1.5.2, one finds that the conduction losses

account for 99% of the total losses. Fortunately, there are ways to improve the conduction
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losses in the RPP. First, using multiple IGBTs in parallel for the implementation of the bi-
directional switches is an interesting option. Doing so, the current in each IGBT will be divided
by the amount of parallel IGBTs. Dividing the current in many IGBTs will reduce the voltage
drop across the IGBTs, and therefore the conduction losses will be decreased. Using multiple
IGBTs in parallel is also interesting in terms of safety and reliability, as failure of one IGBT
will not disable the whole system. Second, using more performant semi-conductor devices,

like Silicon-Carbide (SiC) IGBTs, may reduce even more the conduction losses.

Looking at the power summary of the RPP discharge cycle, it can be observed that the
summary does not balance, as there is an excess of 292 W. An analysis of the energy balance

in the recharge cycle has been done to understand the root cause of this power balance error.

First the resonant energy balance between the capacitor and the recharge inductance has been
checked. The capacitor energy is measured from the simulation results using the standard
capacitor energy equation, which is function of the capacitance and the capacitor voltage
squared. The inductive energy is also measured from the simulation results using the standard
inductance energy equation, which is function of the inductance and current squared. One can
see at Figure 8.7 below that the resonant energy is properly balancing in the capacitor and

inductance.

Second, the input energy and the losses have been checked. The input energy and the losses
have been measured from the simulation results. The Net Input Energy is the difference
between the input energy and the losses during the recharge process. See Figure 8.8 for a

graphic of the input energy and losses.
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Theoretically, the resonant energy and the Net input energy should match perfectly. However,
as shown in Figure 8.9, there is a small discrepancy between the resonant energy (combined
capacitor and inductance energy) and the Net input energy. It is to be noted that the initial
capacitor energy has been added to the input energy in the Figure 8.9 because the residual
capacitor energy at the beginning of the recharge cycle is re-used during the recharge cycle

and therefore contributes to the input energy.
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Figure 8.9 Comparison between resonant energy and Net input energy

In the simulation model, the recharge current is generated by the recharge circuit model.
However, to prevent algebraic loops in the simulation model, the capacitor models use the last
pass value of the current value generated by the recharge circuit model. For this reason, at the
end of the energy input cycle, where the “R_ON” MOSFET is turned off, the capacitor model
is still being recharged with the peak current while the inductance model current already stated

decreasing. This causes the initial energy error of 0.036 J. Once the energy input cycle is
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completed, the inductance energy in the form of current is gradually transferred to the capacitor
in the form of voltage. Again, because the capacitor model uses the last pass value, the
capacitor is always charged with a higher current than the current generated by the recharge
circuit model. This generates the additional 0.051 J of error. For the cycle analyzed, the total
energy error at the end of the recharge cycle is 0.087 J, which is an error of 2.72%. As the
recharge cycle occurs at 2160 Hz, the calculated power error based on the analyzed recharge
cycle is 188 W. Because all the recharge cycles are not identical, the error from cycle to cycle
may vary. The loss error of 292 W in the RPP recharge cycle power summary (Table 7.4) is
the averaged value over 1 second. This represents an error of 3.65% of error on the recharge
process energy. This error is undesirable, however it does not invalidate the proof of concept

of the RPP.

It is to be noted that only the RPP recharge cycle generates such a power error. All other
dynamic simulation models perfectly balance between the measured input energy, calculated
losses and output energy. Testing a real hardware prototype will remove the uncertainty related

to the energy balance of the recharge cycles.

8.7.1.4 Motor Efficiency and losses

The same Permanent Magnet Synchronous Machine has been used for both the RPP system
and the baseline system. The electrical input power and the mechanical output power have
been measured directly from the simulation results. The motor conduction losses have also
been calculated directly from the simulation results, using the standard resistive losses

equation, function of phase resistance and phase current squared.

As it can be seen in Table 8.5 below, the test simulation results show that the PMSMs used
with either the RPP system or the baseline system have similar performances. One finds
comparable input power (voltages and currents) and output power with both configurations, as
it can be seen in Tables 8.5 and 8.6 below. It is to be reminded that the PMSM models used in
this research project do not have a thermal model and therefore cannot quantify the effect of

the harmonics reduction observed in Section 8.3 above cannot be quantified in terms of
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efficiency improvement. However, it has been previously mentioned that the high frequency

harmonics are particularly harmful at high frequency.

Table 8.5 Power summary of the PMSM (RPP system vs baseline system)

RPP 320V 3L Inv.
750V
Motor input electrical power 8065 W 8174 W
Motor conduction losses 157 W 156 W
Motor output mechanical power 7908 W 7917 W
Motor efficiency 98.1% 96.9%

Table 8.6 Motor input voltage and current (RPP system vs baseline system)

RPP 320V 3L Inv.

750V
Line-Line Voltage (rms) 485.7V 4918V
Phase Current (rms) 10.19 A 10.20 A

8.7.1.5 Global system efficiency comparison

Accounting for all the losses in all the components, as well as the input and output energy of
the system, the global efficiency of both the RPP system and the baseline system are shown in
Table 8.7 below.

Table 8.7 Power Summary of the system (RPP system vs baseline system)

RPP 320V 3L Inv.
750V
Input DC Power 10602 W 9930 W
Output Power (mechanical power) 7908 W 7917 W
Total system efficiency 74.6 % 79.7%

The data shows that the global system efficiency is better with the baseline system compared

to the RPP system.
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8.7.2 Power Density

Being a very important parameter for airborne propulsion, the power density of the RPP is
compared with the power density of the baseline system. As previously mentioned in Section
8.7.1.1 above, finding a turnkey DC-DC boost converter for the baseline system was not
possible, as high-power DC-DC boost converters are not commonly available. To overcome
the lack of solution, and in order to have access to a real-life DC-DC power conversion power
density, 3 copies of the most powerful boost DC-DC converter that could be found
commercially have been used for the DC-DC boost conversion function. The 3 DC-DC
converters, model TDK-Lambda EZA11K320240, have been connected in series to increase
the DC link voltage from 320 V to 750 V. Using 3 TDK-Lambda EZA11K320240 DC-DC
converters for the intended purpose exceed the capabilities of the converters, both in terms of
power and input voltage range. However, for the power density calculation, it is assumed that
the hardware can withstand excessive usage. Table 8.8 below compares the power densities of

the RPP system and the baseline system.

Table 8.8 Power density comparison between RPP system and baseline system

Parameter RPP 320V 3L Inv. 750V
Motor Weight 183 Kg 183 Kg
Inverter Weight 604 g 604
Resonant Power Processor Weight &ﬂ
DC-DC Boost Converter 320V/750V 60.0 Kg
Output Power 7908 W 7917 W
Power Density 110.8 W/Kg 100.3 W/Kg

The RPP has been designed with off the shelf components and a true design optimization effort
has not been done for this proof-of-concept virtual prototype. A significant part of the RPP
weight is due to the passive components. The total inductors weight is 19.7 Kg (37.6% of total
RPP weight) and the total capacitors weight is 32.7 Kg (62.2% of total RPP weight). Together,
the passive components account for 99% of the weight of the RPP. Custom inductors and

capacitors may help to reduce the weight of the RPP and therefore increase the power density.
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Also, it is to be noted that half of the capacitors are used only during the low speed portion of
the run-up, and they become dead weight once the low capacitance configuration is set.
Accounting for only the active capacitors for the calculation of the power density would bring

it to ~143 W/Kg.

Finally, connecting both 56 UF capacitor banks in series instead of in parallel would create a
3 capacitance value of 28 uF. The corresponding natural frequency would be 510.6 Hz,
equivalent to a speed of 7659 rpm. Assuming that 14 N.m of torque would be achievable, the
output power would be 11.2 kW, and the resulting power density could reach up to 157.3
W/Kg.

The weight of each TDK-Lambda DC-DC converter is 20 Kg. However, unlike the TDK-
Lambda DC-DC converter, the RPP weight estimation does not include the control electronics,
wiring, cooling system and packaging. Accounting for such material, the power density of the

RPP and DC-DC boost converters would probably be similar.

8.8 Verification of initial hypotheses

In this section, the 4 initial hypotheses that support the elaboration of the concept, and that
have been formulated in Section 3, are verified and discussed according to the simulation

results.

8.8.1 Verification of initial hypothesis #1

Hypothesis #1: “Current and voltage sinusoidal behavior of the resonant RLC circuit may

reduce PWM induced current harmonics, therefore improve motor efficiency.”

Referring to the data shown in Section 7 and analyzed in Section 8, the use of the resonant
behavior of the RLC system successfully reduced the PWM induced harmonics in the phase
current, and the THD value is better with the RPP compared to the baseline system. Therefore,

the test results show that the hypothesis #1 is verified.
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8.8.2 Verification of initial hypothesis #2

Hypothesis #2: “The Current/Voltage gain of an RLC circuit at the natural frequency being
that of the DC gain of the RL circuit, lower AC input voltage may be required to reach the

desired current, therefore improving efficiency.”

As it can be seen in Section 8.7.1.4 above, the input electrical power to the motor of the RPP
system is very slightly lower than the input electrical power to the motor of the baseline system.
The difference between both input power is less than 1.4%, therefore one can assume that the
difference comes from simulation errors of both simulation models. At the motor terminals,
the electrical circuit remains an inductive and resistive (RL) electrical circuit, where the back-
EMF voltage is applied. It is therefore expected that at the motor terminals, the electrical power

required for the PMSM to operate at the required rating is identical.

The real effect of the RL vs RLC circuit on the input phase voltage should have been measured
at the terminals of the RL vs RLC circuit. However, with the conduction losses generated in
the RPP circuits, this effect could not be isolated from the global electrical behavior of the

system.

Therefore, the test results show that the hypothesis #3 cannot be directly verified. However,
the dynamics of RL vs RLC circuits well known, and it is also known that at the resonance
frequency the RLC circuit gain is the same as the RL circuit DC gain. Despites that this
hypothesis could not be verified with the test results, it can be verified theoretically as seen in

Section 3.

8.8.3 Verification of initial hypothesis #3

Hypothesis #3: “The voltage amplification capability of the RLC circuit may bring the
capacitor’s voltage above the battery voltage, and therefore allow operating the motor at higher

speeds while in MTPA.”
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The test results show that despites the fact that the battery voltage is only 320 V, the charged
capacitor voltage reaches above 340 V. It is to be noted that the full recharge capability is not
used, because only ~70% of the recharge cycle is used and ~30% of the recharge cycle is idle.
This means that potentially, the recharged capacitor voltage could reach voltages well above
320 V. The test results also show that the capacitor voltage. Therefore, the test results show

that the hypothesis #3 is verified.

8.8.4 Verification of initial hypothesis #4

Hypothesis #4: “Unitary power factor at the natural frequency of the RLC circuit simplify the

capacitor energy release schedule.”

In the present concept, the capacitor energy release is timed with the Back-EMF zero crossing.
The Back-EMF zero crossing corresponds to an alignment with the d-axis. Because the RLC
circuit has a unitary power factor, the zero phase current switching is allowed because the
capacitor discharge does not need to occur with a phase lead or phase lag compared to the

Back-EMF vector. Therefore, the test results show that the hypothesis #4 is verified.






CONCLUSION

In the aviation industry, the solutions to achieve a fully electric commercial airplane do not
exist yet. Aside the required improvements to the batteries energy density and power density,
improvements are required for the electrodynamic systems themselves. As previously
mentioned, this research project focuses on the improvement of the electrodynamic systems
performances. This research project started with the hypothesis that the electrical resonance
phenomenon could help improving the performances of a PMSM based electrodynamic

system.

In this research project, a novel resonant converter has been developed to verify the potential
advantages and/or improvements relative to the exploitation of the electrical resonance
phenomenon. This novel resonant converter, named Resonant Power Processor (RPP), turns
the motor phases electrical circuits into RLC circuits, which have their natural frequencies
matching the electrical frequency of the PMSM at the desired operating speed. The concept
system consists of a three phase PMSM, a modified three phases three-level inverter and the
Resonant Power Processor. The Resonant Power Processor includes four Configurable
Capacitor Modules and one recharge circuit. At all times during operation, three pre-charged
capacitors are connected in series while one capacitor is being recharged in the recharge circuit.
Each configurable capacitor module goes through recharge and discharge cycles in alternance.
In this master’s thesis, the RPP concept has evolved to a detailed design consisting of the power
electronics, control electronics and control algorithm, fully synthesizable in VHDL code for
implementation in a FPGA. The system has then been successfully simulated in the

Matlab/Simulink environment.

The simulation results show that the Resonant Power Processor design, including the control
algorithm, successfully controls the PMSM at the desired speed and desired torque (5400 rpm
and 14 N.m), with improved phase current THD and improved torque ripples. The motor’s
mechanical output power reached during operation is about 263% of the baseline configuration

with the same battery voltage of 320 V.
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The simulation results show that the power density and global efficiency of the system are not
improved compared to the baseline system, which is made of cascaded DC-DC boost
converters and a three-level inverter. Effectively, the weight of the passive components
(capacitors and inductors) is quite significant and does not provide a significative power
density improvement for the RPP compared to the prior art. Also, the conduction losses in the
semiconductor devices of the RPP are significant, therefore reducing the efficiency of the
system, mainly during the capacitor recharge process. Fortunately, solutions exist to improve
the power density and efficiency of the proposed system. First, as mentioned earlier, off the
shelf capacitors and inductors have been used to develop the virtual prototype. Those off the
shelf components are not optimized for the needs of the RPP and may be heavier than custom
parts that are developed especially for the RPP implementation. Custom inductors and
capacitors may significantly improve the power density of the system. Second, the conduction
losses in the RPP may be significantly reduced by using multiple semi-conductors in parallel
instead of a single semi-conductor. As seen previously, 99% of the RPP losses consist of
conduction losses in the semi-conductors. Splitting the currents into multiple semi-conductors
for the implementation of the bi-directional switches will reduce the voltage drop across the
semi-conductor devices, and therefore reduce the conduction losses. Also, using more
performant semi-conductor devices, such as Silicon-Carbide (SiC) IGBTs and MOSFETs, will

improve the performances of the system.

In conclusion, the proposed Resonant Power Processor developed in this master’s thesis is a
promising concept that may allow to improve the performances, power density and efficiency
of a PMSM based electrodynamic system at high speed and high torque operation, if the

proposed improvements are made to the design.



RECOMMENDATIONS

Considering the results and conclusions of this research project, the following

recommendations are made:

Study of the energy density of the capacitors and inductors

In order to have a clearer picture of the potential improved power density of the system, the

energy density of the passive components (capacitors and inductors) should be studied.

Verify the effect of the recharge current surges on the battery

As seen in the results section, the recharge process generates high current surges from the
battery. This effect on the battery longevity should be assessed. If it is found that the recharge
current surges may be damageable to the battery, a system to equilibrate the battery current

during the capacitor recharge process should be considered.

Design a RPP variant that connects the two 56 UF capacitor banks in series

As mentioned earlier, connecting both 56 UF capacitor banks in series would bring the
configurable capacitor module’s capacitance to 28 UF, potentially allowing to reach speeds up
to 7659 rpm. However, this configuration has not been designed nor simulated. It would be

interesting to evaluate the power density of this configuration.

Evaluate and optimize the control algorithm for operation at variable torque as a
function of speed

This research project developed a control algorithm optimized for operation at 14 N.m at 5400
rpm. It is to be assumed that a real life operation of the RPP will require operation at various
torques for a given speed. The air density decreasing with altitude, the propeller torque will
decrease as the aircraft climbs if the speed is steady. Therefore, the control algorithm should

be improved accordingly.






ANNEX I

RESONANT POWER PROCESSOR PARTS REQUIREMENTS

Table-A I-1 Functional requirements of the capacitors

Capacitance 56 UF +/- 5%
Current Direction Bidirectional
Voltage Polarity Bipolar
Max Current. (rms) 45 A
Max Current. (peak) 150 A
Max Voltage. (rms) 250V
Max Voltage. (peak) 350V
Number of units 8

Table-A I-2 Functional requirements of the recharge inductance

Inductance 330 uH +/- 5%
Current Direction Unidirectionnal
Voltage Polarity Bipolar
Max Current. (rms) 80 A

Max Current. (peak) 150 A
Max Voltage. (rms) 275V
Max Voltage. (peak) 475V
Number of units 1
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Table-A I-3 Functional requirements of the AX, BX and CX switches

Current Direction Bidirectionnal
Voltage Polarity Bipolar
Max Current. (rms) 6 A
Max Current. (peak) 20 A
Breakout Voltage 750V
Maximum Opening Time. 2 us
Maximum Closing Time. 2 us
Switching Frequency (max) 1000 Hz
Number of units 24

Table-A I-4 Functional requirements of the RX switches

Current Direction Bidirectionnal
Voltage Polarity Bipolar
Max Current. (rms) 35A
Max Current. (peak) 150 A
Breakout Voltage 750 V
Maximum Opening Time. 2 us
Maximum Closing Time. 2 us
Switching Frequency (max) 3000 Hz
Number of units 8

Table-A I-5 Functional requirements of the CPSX1 and CPSX2 switches

Current Direction Bidirectionnal
Voltage Polarity Bipolar
Max Current. (rms) 35A
Max Current. (peak) 150 A
Breakout Voltage 750V
Maximum Opening Time. 2 us
Maximum Closing Time. 2 us
Switching Frequency (max) 2000 Hz
Number of units 16




Table-A I-6 Functional requirements of the HX switches
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Current Direction Bidirectionnal
Voltage Polarity Bipolar
Courant max. (A,rms) 25 A
Courant max. (A,peak) 100 A
Breakout Voltage 750V
Maximum Opening Time. 2 us
Maximum Closing Time. 2 us
Switching Frequency (max) <1Hz
Number of units 4

Table-A 1I-7 Functional requirements of the inverter’s transistors and embedded diodes

Transistor Max Current (rms) 6 A

Transistor Max Current (peak) 20 A

Diode Max Current (rms) 6 A

Diode Max Current (peak) 20 A

Breakout Voltage 750 V

Maximum Opening Time. 2 us

Maximum Closing Time. 2 us

Switching Frequency (max) 10000 Hz Fixed Frequency
Number of units 6

Table-A I-8 Functional requirements of the Recharge Circuit transistor and embedded

diode

Transistor Max Current (rms) 50 A
Transistor Max Current (peak) 150 A
Diode Max Current (rms) 0A
Diode Max Current (peak) 0A
Breakout Voltage 750 V
Maximum Opening Time. 2 us
Maximum Closing Time. 2 us
Switching Frequency (max) 3000 Hz

Number of units

1
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Table-A I-9 Functional requirements of the Recharge circuit diodes

Max. Current (rms) 75 A
Max. Current (peak) 150 A
Breakout voltage 750V
Number of units 2

Table-A I-10 Functional requirements of the VcX Voltage sensors

Voltage Polarity Bipolar
Operating Range -400 /400 V
Number of units 4

Table-A I-11 Functional requirements of the Vdc voltage sensor

Voltage Polarity

Unipolar

Operating Range

0/400V

Number of units

1

Table-A I-12 Functional requirements of the phase current sensors (Ia, Ib and Ic)

Current Direction Bidirectionnal
Operating Range -30/+30 A
Minimum Resolution 0.05 A
Number of units 3

Table-A I-13 Functional requirements of the recharge current sensor (Ir)

Current Direction Bidirectionnal
Operating Range 0/200 A
Minimum Resolution 0.1A

Number of units

1




ANNEX II

DETAILED DESIGN OF THE RESONANT POWER PROCESSOR
(POWER ELECTRONICS)
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Figure-A II-1 Modified 3 phases - 2 levels inverter
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ANNEX III

BILL OF MATERIAL OF THE SYSTEM

Table-A III-1 Bill of Material of the System

BOM
Level 3(4]5 Part Number Part Name Supplier _Umt Total
Weight (g) | Weight (g)
ID

- BSM33C-6177MHQ Permanent Magnet Synchronous Motor [ABB/Baldor 18300 18300
- N/A Modified 3 phases - 2 Level Inverter N/A 603.68 603.68
1 N/A MOSFET MODULE 1 N/A 6.74 40.44
5 1] TBD Resistor (TBD) TBD
6 1] TBD Diode TBD
7 1] TBD Diode TBD
8 1] TBD Resistor (TBD) TBD
9 1] TBD Resistor (4.7K) TBD
10 1] TBD Resistor (TBD) TBD
11 1 TD352ID Gate Driver STMicroelectronics 0.54 0.54
12 2 TBD Capacitor (TBD) TBD
13 1] TBD Capacitor (TBD) TBD
14 1] TBD Capacitor (TBD) TBD
15 1] APT28M120L MOSFET Microchip Technology 6.2 6.2
2 N/A BIDIRECT SWITCH N/A 1.08 3.24
23 2 NGTB40N120FL2WAG |IGBT ON Semiconductors
24 4 TBD Capacitor (TBD) TBD
25 2 TBD Resistor (TBD) TBD
26 2 TBD Diode TBD
27 2 TBD Diode TBD
28 2 TBD Resistor (TBD) TBD
29 2 TBD Resistor (4.7K) TBD
30 2 TBD Capacitor (TBD) TBD
31 2 TBD Resistor (TBD) TBD
32 2] TD352ID Gate Driver STMicroelectronics 0.54 1.08
33 2 TBD Capacitor (TBD) TBD
3 CV 3-1500 Voltage Transducer LEM 560 560
4 SN74AHC1G02-EP NOR Gate Texas Instruments
- N/A Resonant Power Processor N/A 52484.6 52484.6
16 N/A Recharge Circuit N/A 19733.1 19733.1
37 1] N/A MOSFET MODULE 2 N/A 2.14 2.14
5 1] TBD Resistor (TBD) TBD
6 1] TBD Diode TBD
7 1] TBD Diode TBD
8 1] TBD Resistor (TBD) TBD
9 1] TBD Resistor (4.7K) TBD
10 1] TBD Resistor (TBD) TBD
11 1 TD352ID Gate Driver STMicroelectronics 0.54 0.54
12 2 TBD Capacitor (TBD) TBD
13 1] TBD Capacitor (TBD) TBD
14 1] TBD Capacitor (TBD) TBD
40 1] IXFB7ON100X MOSFET IXYS 1.6 1.6
38 2 RHRG75120 Diode On Semiconductor
39 3 195C50 1 mH inductor Hammond Manufacturing 6577 19731
19 N/A Configurable Capacitor Module N/A 8163.12 32652.5
2 13 N/A BIDIRECT SWITCH N/A 1.08 14.04
23 2] NGTB40N120FL2WAG |IGBT ON Semiconductors
24 4 TBD Capacitor (TBD) TBD
25 2 TBD Resistor (TBD) TBD
26 2 TBD Diode TBD
27 2 TBD Diode TBD
28 2 TBD Resistor (TBD) TBD
29 2 TBD Resistor (4.7K) TBD
30 2 TBD Capacitor (TBD) TBD
31 2 TBD Resistor (TBD) TBD
32 2 TD352ID Gate Driver STMicroelectronics 0.54 1.08
33 2 TBD Capacitor (TBD) TBD
20 1] CV 3-1500 Voltage Transducer LEM 560 560
21 1] TBD Resistor (TBD) TBD
22 2 N/A 56 UF Capacitor Bank N/A 3794 7588
34 1] C44PMGR5600RAS) |60 LF Capacitor Kemet 600 600
35 2 C44PMGR5700RAS) |70 UF Capacitor Kemet 730* 1460*
36 2] C44PMGRS800RAS) |80 UF Capacitor Kemet 867 1734
17 LESR 50-NP Current Transducer LEM 10 30
18 LZSR 200-TP/SP1 Current Transducer LEM 69 69

* The weight of the 70 UF capacitor has been estimated because the data could not be found on the data sheet.







ANNEX IV

INVERTER LOSS MODEL (MATLAB CODE)

function [VinvAn, VinvBn, VinvCn, Inv_Cond Loss, Inv_Sw_Loss]
fcn (VinvAnRaw, VinvBnRaw, VinvCnRaw, S1, S2, S3, S4, S5, S6, Ia, Ib, Ic)

$Initialization of persistent variables

persistent S1 LP
if isempty(S1 LP)

S1 LP=false;
end

persistent S2 LP
if isempty(S2_LP)

S2_ LP=false;
end

persistent S3 LP
if isempty(S3 LP)

S3_LP=false;
end

persistent S4 LP
if isempty(S4_ LP)

S4_Lp=false;
end

persistent S5_LP
if isempty (S5 LP)

S5 LP=false;
end

persistent S6 _LP
if isempty(S6_LP)

S6_Lp=false;
end

persistent S1S4_LP
if isempty(S1S4 LP)

S1s4 Lp=false;
end

persistent S2S5 LP
if isempty(S2S5 LP)

S2S5 Lb=false;
end

persistent S3S6 LP
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if isempty(S3S6_LP)
S386 LP=false;
end

$%Calculation of conduction losses%%
$%Inverter losses calculation for phase A%%
if S1 == true
if Ia > 0
VlossA = 1.06*Ia;
elseif Ia < 0
VlossA = -1.5;
else

VlossA

Il
o
o

end

elseif S4 == true

if Ta > O

VlossA = 1.5;

elseif Ia < O

VlossA = 1.06*Ia;
else
VlossA = 0.0;
end
else
if ITa > 0.1
VlossA = 1.5+1.06*Ia;
elseif Ia < -0.1

VlossA = -1.5+1.06*Ia;
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else
VlossA = 0.0;

end

$%Inverter losses calculation for phase B%%
if S2 == true
if Ib > 0
VlossB = 1.06*Ib;
elseif Ib < O

VlossB

Il

1
=
ul

else

VlossB = 0.0;

end

elseif S5 == true

if Ib > 0

VlossB = 1.5;

elseif Ib < 0

VlossB

1.06*Ib;

else

VlossB

]
o
o

end

else

if Ib > 0.1

VlossB = 1.5+1.06*Ib;

elseif Ib < -0.1
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VlossB = -1.5+1.06*IDb;

else

VlossB

Il
o
o

end
end
$%Inverter losses calculation for phase
if S3 == true
if Ic > 0
VlossC = 1.06*Ic;
elseif Ic < O

VlossC

Il
1

=

Ul

else

VlossC

Il
o
o

end

elseif S6 == true

if Ic > O

VlossC = 1.5;

elseif Ic < O

VlossC = 1.06*Ic;

else

VlossC

]
o
o

end

else

if Ic > 0.1

VlossC = 1.5+1.06*Ic;

o\°
o\°
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elseif Ic < -0.1

VlossC = -1.5+1.06*Ic;

else

VlossC = 0.0;

end
end
VinvAn = VinvAnRaw - V1ossA;
VinvBn = VinvBnRaw - VlossB;

VinvCn = VinvCnRaw - VlossC;

abs (VlossA*Ia) ;
abs (VlossB*Ib) ;
abs (VlossC*Ic) ;

Inv_Cond_LossA
Inv_Cond LossB
Inv_Cond LossC

Inv_Cond Loss = Inv_Cond LossA + Inv_Cond LossB + Inv_Cond LossC;

$%Calculation of switching losses
$Semiconductor status parameters

$Bi-Directional switch status

if S1 == false && S4 == false
S1S4 = true;

else
S1S4 = false;

end

if S2 == false && S5 == false
S2S5 = true;

else
S2S85 = false;

end

if S3 == false && S6 == false
S3S6 = true;

else
S3S6 = false;

end

$MOSFET turn on
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if S1 == true && S1 _LP == false
S1 ON = true;

else
S1 ON = false;

end

if S2 == true && S2 LP == false
S2 ON = true;

else
S2 ON = false;

end

if 83 == true && S3 LP == false
S3_ON = true;

else
S3_ON = false;

end

if S4 == true && S4 LP == false
S4 ON = true;

else
S4 ON = false;

end

if S5 == true && S5 LP == false
S5 ON = true;

else
S5 ON = false;

end

if S6 == true && S6_LP == false
S6_ON = true;

else
S6_ON = false;

end

$MOSFET turn off

if S1 == false && S1 LP == true
S1_OFF = true;

else
S1 OFF = false;

end

if S2 == false && S2 LP == true
S2 OFF = true;

else
S2_OFF = false;

end

if S3 == false && S3_LP == true

S3_OFF = true;



else
S3 _OFF = false;

end

if S4 == false && S4 LP ==
S4_OFF = true;

else
S4 OFF = false;

end

if S5 == false && S5 LP ==
S5 OFF = true;

else
S5 OFF = false;

end

if S6 == false && S6_LP ==
S6_OFF = true;

else
S6_OFF = false;

end

$Bi-Directional turn on

if S1S4 == true && S1S4 LP
S1S4 ON = true;

else
S1S4 ON = false;

end

if S285 == true && S285 LP
S255 ON = true;

else
S2S5 ON = false;

end

if S3S6 == true && S3S6_LP
S3S6_ON = true;

else
S3S6_ON = false;

end

$Bi-Directional turn off

if S1S4 == false && S1S4 LP ==

S1S4 OFF = true;
else

S1S4 OFF = false;
end

if S285 == false && S2S5 LP ==

S2S5 OFF = true;

true

false

false

false

true

true
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else
S2S5 OFF = false;
end
if 8386 == false && S3S6 _LP == true

S3S6_OFF = true;

else

S3S6_OFF = false;

end

%$Calculation of inverter switching losses (MOSFET

if S1 ON == true
S1_ON LOSS
else
S1 _ON LOSS
end

if S2 ON == true
S2_ON_LOSS
else
S2 ON _LOSS
end

if S3 ON == true
S3_ON_LOSS
else
S3_ON_LOSS
end

if S4 _ON == true
S4 ON _LOSS =
else
S4 ON LOSS
end

if S5 ON == true
S5 ON_LOSS
else
S5 ON _LOSS =
end

if S6_ON == true
S6_ON LOSS =
else
S6_ON_LOSS
end

abs (0

.6187*Ia) ;

.6187*1IDb) ;

.6187*Ic) ;

.6187*Ia) ;

.6187*1IDb) ;

.6187*Ic) ;

$Calculation of inverter switching losses (MOSFET

if S1_OFF == true

S1_OFF_LOSS
else

abs (0.928*1Ia) ;

transition to ON)

transition to OFF)
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S1_OFF_LOSS = 0.0;

end
if S2 OFF == true

S2 OFF LOSS = abs(0.928*Ib) ;
else

S2 OFF 1LOSS = 0.0;
end
if S3 OFF == true

S3 OFF LOSS = abs(0.928*Ic);
else

S3 OFF LOSS = 0.0;
end
if S4 OFF == true

S4 OFF_LOSS = abs(0.928%*Ia);
else

S4 OFF LOSS = 0.0;
end
if S5 OFF == true

S5 OFF _LOSS = abs(0.928*Ib) ;
else

S5 OFF _LOSS = 0.0;
end
if S6_OFF == true

S6_OFF LOSS = abs(0.928*Ic);
else

S6 _OFF LOSS = 0.0;
end

$Calcultation of inverter switching losses (Bi-directional switch transition
to ON)

if S1S4 ON == true

S1S4 ON_LOSS = abs(0.6187*Ia);
else

S1S4 ON_LOSS = 0.0;
end
if S2S5 ON == true

S2S5 ON_LOSS = abs(0.6187*Ib) ;
else

S285 ON_LOSS = 0.0;
end
if S$3S6_ON == true

S386 _ON_LOSS = abs(0.6187*Ic);
else

S$386 ON LOSS = 0.0;
end
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$Calcultation of inverter switching losses (Bi-directional switch transition
to ON)

if S1S4 OFF == true

S1S4 OFF LOSS = abs(0.6187*Ia);
else

S1S4 OFF LOSS = 0.0;
end
if S2S5 OFF == true

S285 OFF LOSS = abs(0.6187*Ib) ;
else

S285 OFF LOSS = 0.0;
end
if S3S6 OFF == true

S3S6 OFF LOSS = abs(0.6187*Ic) ;
else

S3S6_OFF_LOSS = 0.0;
end

[)

% MOSFET switching losses

S1_Sw _Loss = S1_ON_LOSS
S2_Sw_Loss = S2_ON_LOSS
S3 Sw_Loss = S3 _ON_LOSS
S4 Sw Loss = S4 ON_LOSS
S5_Sw_Loss = S5_ON_LOSS
S6_Sw_Loss = S6_ON_LOSS

S1_OFF LOSS;
S2 OFF LOSS;
S3_OFF_LOSS;
S4 OFF_LOSS;
S5_OFF_LOSS;
S6_OFF_LOSS;

o+ o+ o+ o+ o+

[)

% Bi-Directional switches losses

S1S4 Sw Loss = S1S4 ON LOSS + S1S4 OFF LOSS;
S285 Sw Loss = S285 ON LOSS + S285 OFF LOSS;
S3S6_Sw _Loss = S3S6 _ON LOSS + S3S6 OFF LOSS;

[)

% Modified inverter switching losses

Inv_Sw Loss = S1 Sw Loss + S2 Sw Loss + S3 Sw Loss + S4 Sw Loss + S5 Sw _Loss
+ S6_Sw_Loss + S1S4 Sw_Loss + S2S5 Sw Loss + S3S6_Sw_Loss;

$Setting of last pass values

S1 LP = S1;
S2 LP = S2;
S3_LP = S3;
S4 LP = S4;
S5 LP = S5;

S6_LP = S6;



S1s4 Lp
S285_LP
S386_LP

end

S1S4;
S52S5;
S3S6;

225






ANNEX V

CONFIGURABLE CAPACITOR MODULES LOSS MODEL (MATLAB CODE)

function [VcA, VcB, VcC, VcR, RPPXCondLoss, CapXCondLoss,CapModXSwLoss,
VcALossRPP, VcBLossRPP, VceCLossRPP, VcRLossRPP] = fcn (AX, BX, CX, RX, CPSX1,
CPSX2, HX, VcARaw, VcBRaw, VcCRaw, VcRRaw, Ia, Ib, Ic, Ir)

%$Conduction Losses Calculation

[)

% Phase A Conduction Losses Calculation

if AX == true
if CPSX1l == true && CPSX2 == true
if Ia > 0
VcALOSSRPP = 2*(2.9+40.044*Ia)+(2.940.044*Ia/2);

elseif Ia < O

VcALossRPP

-2*%(2.9-0.044*Ia)-(2.9-0.044*Ia/2);
else

VcALossRPP =

|
o
o

end
VcALossCap = 0.0;
elseif HX == true
if Ia > 0
VCALOSSRPP = 4*(2.9+0.044*Ia)+(2.9+0.044*Ia/2);
elseif Ia < 0
VCALOSSRPP = -4%(2.9-0.044*TIa)-(2.9-0.044*Ia/2);
else
VcALossRPP = 0.0;

end
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VcALossCap = 0.0023*Ia/2;
else
if Ia > 0
VcALOSSRPP = 4*(2.9+0.044*Ia);
elseif Ia < O

VcALossRPP

-4%(2.9-0.044*Ia);

else

VcALossRPP

Il
o
o

end

VcALossCap = 0.0023*Ia;

end

VcBLossRPP = 0.0;
VcCLossRPP =
VcRLossRPP = 0.0;

o
o

VcBLossCap = 0.0;
VcCLossCap =
VcRLossCap = 0.0;

o
o

[)

% Phase B Conduction Losses Calculation

elseif BX == true
if CPSX1 == true && CPSX2 == true
if Ib > 0
VCBLOSSRPP = 2*(2.9+0.044*Ib)+(2.9+40.044*Ib/2) ;

elseif Ib < 0

VcBLossRPP

-2*(2.9-0.044*Ib)-(2.9-0.044*Ib/2) ;
else

VcBLossRPP = 0.0;
end

VcBLossCap = 0.0;
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elseif HX == true

if ITb > 0

VcBLossRPP

4% (2.940.044*Ib)+(2.9+0.044*Ib/2) ;
elseif Ib < 0

VcBLossRPP

-4%(2.9-0.044*%Ib)-(2.9-0.044*Ib/2);

else

VcBLossRPP = 0.0;
end
VcBLossCap = 0.0023*Ib/2;
else

if Ib > 0

VcBLOSSRPP = 4*(2.9+0.044*Ib) ;

elseif Ib < 0

VcBLOSSRPP = -4*%(2.9-0.044*1IDb) ;

else

VcBLossRPP

Il
o
o

end

VcBLossCap = 0.0023*Ib;

end

VcALossRPP = 0.0;
VcCLossRPP =
VcRLossRPP = 0.0;

o
o

VcALossCap = 0.0;
VcCLossCap =
VcRLossCap = 0.0;

o
o

[)

% Phase C Conduction Losses Calculation

elseif CX == true
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if CPSX1l == true && CPSX2 == true
if Ic > 0O
VcCLOSSRPP = 2% (2.9+40.044*Ic)+(2.9+0.044*Ic/2);

elseif Ic < O

VcCLossRPP

else

VcCLossRPP

end

VeCLossCap = 0.0;

elseif HX == true

if Ic > O

VcCLossRPP

elseif Ic < O

VcCLossRPP

else

VcCLossRPP

end

-2%(2.9-0.044%Ic)-(2.9-0.044*Ic/2);

4% (2.9+0.044*Ic)+(2.940.044*Ic/2);

-4%(2.9-0.044*Ic)-(2.9-0.044%*Ic/2);

VcCLossCap = 0.0023*Ic/2;

else

if Ic > O

VcCLossRPP

elseif Ic < O

VcCLossRPP

else

VcCLossRPP

4*(2.9+0.044*1Ic);

-4*%(2.9-0.044*Ic);



end

VcCLossCap = 0.0023*Ic;

end

VcALossRPP = 0.0;
VcBLossRPP =
VcRLossRPP = 0.0;

o
o

VcALossCap = 0.0;
VcBLossCap =
VcRLossCap = 0.0;

o
o

% Phase R Conduction Losses Calculation

elseif RX == true

if Ir > 0.0

if CPSX1l == true

VcRLossRPP

VcRLossCap =

elseif HX == true

VcRLossRPP

VcRLossCap =

else

VcRLossRPP

&& CPSX2 == true
2% (2.940.044*Ir)+(2.9+40.044*Ir/2) ;

0.0;

4%(2.9+0.044*Ir) +(2.9+0.044*Ir/2) ;

0.0023* (Ir/2)"2;

4*(2.9+0.044*Ir);

VcRLossCap = 0.0023*Ir;

end

else

VcRLossRPP = 0.0;
VcRLossCap = 0.0;

end

VcALossRPP = 0.0;
VcBLOsSsSRPP =
VcCLossRPP = 0.0;

o
o
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else

end

VcA
VcB
VeC
VcR

VcALossCap =

VcBLossCap

VcCLossCap =

VcALossRPP
VcBLossRPP
VcCLossRPP
VcRLossRPP

VcALossCap =

VcBLossCap
VcCLossCap
VcRLossCap

= VcARaw -
= VcBRaw -
= VcCRaw -
= VcRRaw -

RPPXCondLoss
VcRLossRPP*1Ir;

CapXCondLoss
VcRLossCap*Ir;

Il
o
o

. o~

o O O o
o O O o

oo~

o O O o
o O O o

~.

VcALossRPP
VcBLossRPP
VcCLossRPP
VcRLossRPP

VcALossRPP*Ta +

VcALossCap*Ia +

VcALossCap;
VcBLossCap;
VcCLossCap;
VcRLossCap;

$Switching losses calculation

CapModXSwLoss

0.0;

VcBLOSSRPP*IDb

VcBLossCap*Ib

+

+

VcCLossRPP*Ic

VcCLossCap*Ic

+

+



ANNEX VI

RECHARGE CIRCUIT SEMICONDUCTORS LOSS MODEL (MATLAB CODE)

function [VL, RecCondLoss, RecSwLoss] = fcn(VLRaw, Ir, R ON)
$Initalization of last pass values
persistent R _ON_LP
if isempty(R_ON_LP)
R ON_LP=false;

end

$Recharge Conduction Losses

if R ON == true

VLLoss = 0.178*Ir + (0.8+0.0017*Ir);
else

VLLoss = (0.8+0.0017*Ir);
end

VL = VLRaw - VLLoss;
RecCondLoss = VLLoss*Ir;

$Recharge Switching Losses

if R ON == true && R ON LP == false
R ON _ON = true;

else
R ON ON = false;

end

if R ON == false && R _ON LP == true
R _ON_OFF = true;

else
R _ON OFF = false;

end

if R ON ON == true
RecSwLoss ON = 0.9683*Ir;

else

RecSwLoss ON = 0.0;
end
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if R ON OFF == true
RecSwLoss OFF = 3+*Ir;
else
RecSwLoss OFF = 0.0;
end

RecSwLoss = RecSwLoss_ON + RecSwLoss_OFF;



ANNEX VII

BASELINE 750V 3-LEVEL INVERTER SIMULATION MODEL
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Figure-A VII-1.2 Top level baseline simulation architecture (continued)
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VII.1 — 3-Level Inverter command algorithm

function [S1, S2, S3, S4, S5, S6, S1S4, S2S5, S3S6] = fcn(Vab req, Vbc req,
Vca_req, Vdc, P2Sawtooth, N2Sawtooth)

if vVab req/vdc >= P2Sawtooth
S1 = true;
S4 = false;
S1S4 = false;

elseif Vab reqg/Vdc <= N2Sawtooth

S1 false;
S4 = true;
S184 = false;

else

S1 false;
S4 = false;
S1S4 = true;

end

if Vbc req/Vdc >= P2Sawtooth

S2 = true;
S5 = false;
S285 = false;

elseif Vbc req/Vdc <= N2Sawtooth

S2 false;
S5 = true;
S2S5 = false;

else

S2 = false;
S5 = false;
S285 = true;

end

if Vca req/Vdc >= P2Sawtooth
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S3 = true;

S6 = false;

S3S6 = false;
elseif Vca reqg/Vdc

S3 = false;

S6 = true;

S3S6 = false;
else

S3 = false;

S6 = false;

S3S6 = true;

end

<=

N2Sawtooth
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VIIL.2 — 3-Level Inverter model function (with losses)

function [VAB, VBC, VCA, Inv _Cond Loss, Inv_Sw Loss] = fcn(Vde, S1, S2, S3,
S4, S5, S6, S1S4, S285, S3S6, Ia, Ib, Ic)

$Initialization of persistent variables

persistent S1 LP
if isempty(S1_LP)

S1 LP=false;
end

persistent S2 LP
if isempty(S2 LP)

S2 LP=false;
end

persistent S3 LP
if isempty(S3_LP)

S3_LpP=false;
end

persistent S4 LP
if isempty(S4 LP)

S4 LP=false;
end

persistent S5 LP
if isempty (S5 LP)

S5_Lp=false;
end

persistent S6_LP
if isempty(S6_LP)

S6_LP=false;
end

persistent S1S4 LP
if isempty(S1S4 LP)

S1s4 Lp=false;
end

persistent S2S5_LP
if isempty(S2S5 LP)

S2S85 Lpb=false;
end

persistent S3S6 LP
if isempty(S3S6_LP)

S386 LP=false;
end
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if S1 == true && S4 == false && S1S4 == false && S2 == true && S5 ==
&& S2S5 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = 0;
VBCRaw = 0;
VCARaw = 0;
elseif S1 == false && S4 == true && S1S4 == false && S2 == true &&
false && S2S85 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = -Vdc;
VBCRaw = 0;
VCARaw = Vdc;
elseif S1 == false && S4 == false && S1S4 == true && S2 == true &&
false && S2S5 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = -Vdc/2;
VBCRaw = 0;
VCARaw = Vdc/2;
elseif S1 == true && S4 == false && S1S4 == false && S2 == false &&
true && S2S5 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = Vdc;
VBCRaw = -Vdc;
VCARaw = 0;
elseif S1 == false && S4 == true && S1S4 == false && S2 == false &&
true && S2S5 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = 0;
VBCRaw = -Vdc;
VCARaw = Vdc;
elseif S1 == false && S4 == false && S1S4 == true && S2 == false &&
true && S2S5 == false && S3 == true && S6 == false && S3S6 == false
VABRaw = Vdc/2;
VBCRaw = -Vdc;
VCARaw = Vdc/2;
elseif S1 == true && S4 == false && S1S4 == false && S2 == false &&
false && S2S5 == true && S3 == true && S6 == false && S3S6 == false
VABRaw = Vdc/2;
VBCRaw = -Vdc/2;
VCARaw = 0;
elseif S1 == false && S4 == true && S1S4 == false && S2 == false &&
false && S2S5 == true && S3 == true && S6 == false && S3S6 == false

false

S5

S5

S5

S5

S5

S5

S5



VABRaw
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw =
VBCRaw
VCARaw =

elseif S1
false && S2S5

VABRaw =
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw =
VBCRaw
VCARaw =

elseif S1
true && S2S5

VABRaw
VBCRaw
VCARaw =

elseif S1
true && S2S5

VABRaw
VBCRaw
VCARaw =

elseif S1
true && S2S5

VABRaw
VBCRaw =

-vdc/2;
-vdc/2;

vdc;

false && S4 ==
== true && S3

0;
-vdc/2;
vde/2;

true && S4
false &&

== s3
0;

vdc;

-Vdc;

false &&
false

S4
== &&
-Vdc;

vdc;

0;

false &&
false

S4
== &&
-vdc/2;

vdc;

-vdc/2;

true && S4
false && S3

vdc;
0;
-Vdc;

false && S4
false && S3

o

0;

0;

false && S4 ==
== false && S3
vdc/2;

0;

false && S1S4 == true
== true && S6 == false
false && S184 == false
== false && S6 == true
true && S1S4 == false
== false && S6 == true
false && S1S4 == true
== false && S6 == true
false && S1S4 == false
== false && S6 == true
true && S1S4 == false
== false && S6 == true
false && S1S4 == true
== false && S6 == true

&& S2 == false &&
&& S3S6 == false
&& S2 == true &&
&& S3S6 == false
&& S2 == true &&
&& S3S6 == false
&& S2 == true &&
&& S3S6 == false
&& S2 == false &&
&& S3S6 == false
&& S2 == false &&
&& S3S6 == false
&& S2 == false &&
&& S3S6 == false

S5

S5

S5

S5

S5

S5

S5
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VCARaw

elseif S1
false && S2S5

VABRaw
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw =
VBCRaw
VCARaw =

elseif S1
false && S2S5

VABRaw =
VBCRaw
VCARaw

elseif S1
false && S2S5

VABRaw
VBCRaw
VCARaw =

elseif S1
false && S2S5

VABRaw
VBCRaw
VCARaw =

elseif S1
true && S2S5

VABRaw =
VBCRaw
VCARaw =

-vde/2;

true && S4 == false && S1S4 == false && S2 == false &&
== true && S3 == false && S6 == true && S3S6 == false

vde/2;

vde/2;

-vdc;

false && S4 == true && S1S84 == false && S2 == false &&
== true && S3 == false && S6 == true && S3S6 == false
-vdc/2;

vde/2;

0;

false && S4 == false && S1S8S4 == true && S2 == false &&
== true && S3 == false && S6 == true && S3S6 == false
0;

vde/2;

-vdc/2;

true && S4 == false && S1S4 == false && S2 == true &&
== false && S3 == false && S6 == false && S3S6 == true
0;

vde/2;

-vdc/2;

false && S4 == true && S1S4 == false && S2 == true &&
== false && S3 == false && S6 == false && S3S6 == true
-Vdc;

vde/2;

vde/2;

false && S4 == false && S1S4 == true && S2 == true &&
== false && S3 == false && S6 == false && S3S6 == true
-vdc/2;

vde/2;

0;

true && S4 == false && S1S4 == false && S2 == false &&
== false && S3 == false && S6 == false && S3S6 == true

vdc;

-vdc/2;

-vdc/2;

S5

S5

S5

S5

S5

S5

S5



elseif S1 == false && S4 == true && S1S4
true && S2S5 == false && S3 == false && S6
VABRaw = 0;
VBCRaw = -Vdc/2;
VCARaw = Vdc/2;
elseif S1 == false && S4 == false && S1S4
true && S2S5 == false && S3 == false && S6
VABRaw = Vdc/2;
VBCRaw = -Vdc/2;
VCARaw = 0;
elseif S1 == true && S4 == false && S1S4 =
false && S2S5 == true && S3 == false && S6
VABRaw = Vdc/2;
VBCRaw = 0;
VCARaw = -Vdc/2;
elseif S1 == false && S4 == true && S1S4
false && S2S85 == true && S3 == false && S6
VABRaw = -Vdc/2;
VBCRaw = 0;
VCARaw = Vdc/2;
elseif S1 == false && S4 == false && S1S54
false && S2S5 == true && S3 == false && S6
VABRaw = 0;
VBCRaw = 0O;
VCARaw = 0;
else
VABRaw = 0;
VBCRaw = 0;
VCARaw = 0;

end

$%Calculation of conduction losses%%
$%Inverter losses calculation for phase A%%

if S1 true

if Ta > O

false && S2 == false &&
== false && S3S6 == true
== true && S2 == false &&
== false && S3S6 == true
= false && S2 == false &&
== false && S3S6 == true

false && S2 == false &&
== false && S3S6 == true
== true && S2 == false &&
== false && S3S6 == true

S5

S5

S5

S5

S5
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VlossA = 1.06*Ia;

elseif Ta < O

VlossA

Il

1
=
ul

else

VlossA

Il
o
o

end

elseif S4 == true

if Ta > O

VlossA = 1.5;

elseif Ia < O

VlossA = 1.06*Ia;

else

VlossA

Il
o
o

end

else

if ITa > 0.1

VlossA = 1.5+1.06*Ia;

elseif Ia < -0.1

VlossA = -1.5+1.06*Ia;

else

VlossA

]
o
o

end

end

$%Inverter losses calculation for phase B

)
%

)
%



if S2 == true

if Ib > 0

VlossB = 1.06*Ib;

elseif Ib < O

VlossB

Il

1
=
ul

else

VlossB = 0.0;

end

elseif S5 == true

if ITb > 0

VlossB = 1.5;

elseif Ib < O

VlossB

1.06*Ib;

else

VlossB = 0.0;

end

else

if Ib > 0.1

VlossB = 1.5+1.06*Ib;

elseif Ib <

1
(@]
=

VlossB

else

VlossB

]
o
o

end

end

-1.5+1.06*Ib;
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$%Inverter losses calculation for phase C

if S3 == true

if Ic > O

VlossC =

elseif Ic <

VlossC

else

VlossC

end

elseif S6 == tru

if Ic > O

VlossC =

elseif Ic <

VlossC =

else

VlossC

end

else

if Ic > 0.1

VlossC =

elseif Ic <

VlossC =

else

VlossC

end

1.06*Ic;

0

e

1.5;

0

1.06*Ic;

1.5+1.06*Ic;

-0.1

-1.5+1.06*Ic;

)
)

)
)



end
VAB = VABRaw -
VBC = VBCRaw -

VCA = VCARaw -

Inv_Cond LossA
Inv_Cond LossB
Inv_Cond LossC

Inv_Cond Loss =

$%Calculation of switching losses

%$Semiconductor

%$Bi-Directional

$MOSFET turn on

(VlossA-VlossB) ;
(VlossB-VlossC) ;
(VlossC-VlossA) ;

= abs (VlossA*Ia) ;
abs (VlossB*Ib) ;
abs (VlossC*Ic) ;

Inv_Cond LossA + Inv_Cond LossB + Inv_Cond LossC;

status parameters

switch status

if S1 == true && S1_LP == false
S1 ON = true;

else
S1 ON = false;

end

if S2 == true && S2 _LP == false
S2 _ON = true;

else
S2 ON = false;

end

if S3 == true && S3_LP == false
S3 ON = true;

else
S3_ON = false;

end

if S4 == true && S4 LP == false
S4 ON = true;

else
S4 ON = false;

end

if S5 == true && S5 LP == false

S5 ON = true;

else
S5 ON = fal
end

se;
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if S6 == true && S6_LP ==
S6_ON = true;

else
S6_ON = false;

end

$MOSFET turn off

if S1 == false && S1 LP ==
S1 OFF = true;

else
S1 OFF = false;

end

if S2 == false && S2 LP ==
S2 OFF = true;

else
S2 OFF = false;

end

if S3 == false && S3_LP ==
S3_OFF = true;

else
S3_OFF = false;

end

if S4 == false && S4 LP ==
S4 OFF = true;

else
S4 _OFF = false;

end

if S5 == false && S5 LP ==
S5 OFF = true;

else
S5 OFF = false;

end

if S6 == false && S6_LP ==
S6é_OFF = true;

else
S6_OFF = false;

end

$Bi-Directional turn on

if S1S4 == true && S1S4 LP
S1S4 ON = true;

else
S1S4 ON = false;

end

false

true

true

true

true

true

true



if S2S85 == true && S2S5 LP == false
S255 ON = true;

else
S2S5 ON = false;

end

if 8386 == true && S386 _LP == false
S356_ON = true;

else
S3S6_ON = false;

end

$Bi-Directional turn off

if S1S4 == false && S1S4 LP == true
S1S4 OFF = true;

else
S1S4 OFF = false;

end

if S285 == false && S2S5 LP == true
S2S5 _OFF = true;

else
S2S5 OFF = false;

end

if S3S6 == false && S3S6 _LP == true
S3S6_OFF = true;

else
S386_OFF = false;

end

$Calcultation of inverter switching losses

if S1_ON == true

S1 ON_LOSS = abs(1.45*Ia);
else

S1 ON LOSS = 0.0;
end
if S2 ON == true

S2 ON LOSS = abs(1.45*IDb);
else

S2 ON LOSS = 0.0;
end
if S3 ON == true

S3 _ON LOSS = abs(1.45*Ic);
else

S3_ON _LOSS = 0.0;

end

(MOSFET transition to ON)
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if S4 ON == true
S4 ON LOSS =
else
S4 ON_LOSS
end

if S5 ON == true
S5 ON_LOSS
else
S5 ON _LOSS =
end

if S6 ON == true
S6_ON _LOSS =
else
S6_ON _LOSS =
end

%$Calcultation of

if S1 OFF == true
S1 _OFF_LOSS =
else
S1 OFF LOSS =
end

if S2 OFF == true
S2 OFF LOSS =
else
S2 OFF_LOSS =
end

if S3 OFF == true
S3 OFF_LOSS =
else
S3_OFF _LOSS =
end

if S4 OFF == true
S4 OFF_LOSS =
else
S4 OFF_LOSS =
end

if S5 OFF == true
S5 OFF_LOSS =
else
S5 OFF _LOSS =
end

if S6_OFF == true
S6_OFF_LOSS =
else

abs (1.45*Ia);

0.0;

abs (1.45*1Ib) ;

0.0;

abs (1.45*Ic);

0.0;

inverter switching losses

abs(2.175*Ia) ;

abs (2.175*Ib) ;

abs (2.175*Ic) ;

abs (2.175*Ia) ;

abs (2.175*Ib) ;

abs (2.175*Ic) ;

(MOSFET transition to OFF)
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S6_OFF_LOSS = 0.0;
end

$Calcultation of inverter switching losses (Bi-directional switch transition
to ON)

if S1S4 ON == true

S1S4 ON LOSS = abs(1.45*Ia);
else

S1S4 ON LOSS = 0.0;
end
if S2S5 ON == true

S285 ON LOSS = abs(1.45*Ib);
else

S285 ON LOSS = 0.0;
end
if S386 ON == true

S386_ON_LOSS = abs(1.45*Ic);
else

S3S86 ON LOSS = 0.0;
end

$Calcultation of inverter switching losses (Bi-directional switch transition
to ON)

if S1S4 OFF == true
S1S4 OFF LOSS = abs(1.45*Ia);
else
S1S4 OFF LOSS = 0.0;
end
if S2S5 OFF == true
S285 OFF LOSS = abs(1.45*Ib) ;
else
S2S5 OFF LOSS = 0.0;
end
if S386 OFF == true
S386_OFF LOSS = abs(1.45*Ic);
else
S3S6 _OFF LOSS = 0.0;
end

% MOSFET switching losses

S1 Sw Loss = S1_ON_LOSS + S1_OFF LOSS;
S2_Sw Loss = S2 ON_LOSS + S2 OFF LOSS;
S3_Sw Loss = S3 ON LOSS + S3 OFF LOSS;
S4 Sw Loss = S4 ON_LOSS + S4 OFF LOSS;
S5 Sw Loss = S5 ON LOSS + S5 OFF LOSS;
S6_Sw Loss = S6_ON_LOSS + S6_OFF LOSS;
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[)

% Bi-Directional switches losses

S1S4 Sw Loss = S1S4 ON LOSS + S1S4 OFF LOSS;
S285 Sw _Loss = S2S5 ON_LOSS + S285 OFF_LOSS;
S3S6_Sw_Loss = S3S6_ON_LOSS + S3S6_OFF_LOSS;

[)

% Modified inverter switching losses

Inv_Sw _Loss = S1_Sw_Loss + S2_Sw Loss + S3_Sw_Loss + S4 Sw_Loss + S5_Sw_Loss
+ S6_Sw _Loss + S1S4 Sw_Loss + S2S5 Sw Loss + S3S6_Sw_Loss;

$Setting of last pass values

S1_LP = 81;
S2 LP = 82;
S3_LP = S3;
S4 LP = S4;
S5 _LP = S5;
S6_LP = S6;
S1S4 LP = S1S4;
S285 LP = S285;

S3S6_LP = S3S6;

end
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Figure-A VII-5 PMSM Model of the baseline system simulation model






ANNEX VIII

FFT MATLAB CODE

FFTdata(:,1)=8S Current 3L 750V.time(:,1);
FFTdata(:,2)=SS_Current 3L 750V.signals (1) .values(:,1);

FFTdataR(:,1)=SS Current RPP.time(:,1);
FFTdataR(:,2)=SS Current RPP.signals (1) .values(:,1);
FFTI = FFTdata(:,2);

FFTIR = FFTdataR(:,2);

L=1000000;
Fs=1000000;

Y = f£ft (FFTI);
YR = fft (FFTIR);

P2 = abs(Y/L);
Pl = P2(1:L/2+1);
Pl1(2:end-1) = 2*P1(2:end-1) ;

P2R = abs (YR/L) ;
P1R = P2R(1:L/2+1);
P1R(2:end-1) = 2*P1R(2:end-1);

f = Fs*(0:(L/2))/L;

plot (£, P1)

hold on

plot (£, P1R)

title ('Phase Current FFT Amplitude Spectrum')
xlabel ('f (Hz) ')

ylabel ('Magnitude (A)')
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