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"At some point, everything’s gonna go south on you and you're going to say:
This is it. This is how I end...

Now you can either accept that, or you can get to work.

That’s all it is. You just begin. You do the math.

You solve one problem and you solve the next one, and then the next.

And If you solve enough problems, you get to come home."

— Mark Watney

"Il faut agir aussi vite que possible, mais aussi lentement que nécessaire."

— Alain Berset

Ala mémoire de mon pére...






Remerciements

Bien qu’un seul nom ne soit crédité comme auteur de cette theése, le travail présenté ici n’aurait
pas été possible sans I'implication de nombreuses personnes auxquelles je tiens, au travers de
ces quelques lignes, a exprimer ma reconnaissance.

Tout d’abord, je souhaiterais vivement remercier Yves qui, au détour d'un repas partagé
en Chine lors de mon projet de master a Shanghai, m’avait pour la premiére fois proposé
d’entreprendre une thése de doctorat dans son laboratoire. Offre que je ne regrette absol-
ument pas d’avoir accepté. De plus, sa confiance et son leadership furent inestimables et
indispensables a la réussite de ce projet.

Je suis également tres reconnaissant du soutien apporté par Alexis, mon co-directeur, tout au
long de cette thése au travers de nombreuses discussions et partages de connaissances, mais
aussi de sa patience et du temps qu’il a consacré a relire mes travaux auxquels il a toujours su
apporter des commentaires pertinents.

Je tiens aussi a remercier les professeurs Aminian, Choo, Giraud-Audine et Sylvestre d’avoir
accepté de faire partie de mon jury de theése ainsi que d’avoir donné de leur temps pour relire
et évaluer mon travail.

Un grand merci aussi aux autres membres du CAM et du LAI, passés et présents. En particulier
a Morgan qui, grace a sa pédagogie inégalable, son écoute et ses conseils, a su, tot, me mettre
sur les bons rails que je suivi jusqu’a la fin. A Yoan pour son management exemplaire du CAM
ainsi que son soutien et confiance en toute 1'équipe. A Paolo pour sa disponibilité & aider quel
que soit le projet mais surtout pour sa gestion sans égale de 'inventaire sans laquelle tout
ne serait que chaos. A Thomas qui su étre une oreille attentive et de bon conseil lorsque je
faisais face aux nombreux problémes liés a mon électronique. A Sean, Camilo, Adrien et Pato:
la OG team présente la majeure partie de ma these et qui a toujours été la pour célébrer les
réussites comme pour soutenir dans les coups durs. Mais le reste des doctorants, post-doc
et permanents du LAI et du CAM ont, bien entendu, aussi été des éléments essentiels a la
création de 'ambiance géniale du labo pendant ces quatre ans et demi de thése : Aline, Amine,
Armando, Bhawnath, Christian, Florian, Francesco, Guillaume, Guzman, Jasha, Kenny, Louis,
Marjane, Ning, Pooneh, Quentin, Silje, Simon, Sofia, Stefania, Trung, Xiaotao et Xinchang.
Finalement, un grand merci a ma famille et a mes amis. En particulier a ma mere pour son
soutien inébranlable et grace a qui mes parcours académique et de vie ont été possible; a
Magali, mon amour, pour son soutien et sa loyauté a toute épreuve pendant ces 10 années
passées ensemble; et a toute 'équipe de la G&B pour toutes ces années d’amitié :) .

Neuchdtel, July 20, 2022 Raphaél Mottet






Abstract

Heart failure is a cardiovascular disease affecting between 1 and 2 % of the population of de-
veloped countries alone — more than 10 million people — with this number bound to increase
due to the ageing of the population. This condition starts to develop itself when the heart is
not capable to properly pump the blood in the circulatory system anymore, and it can be due
to other cardiovascular diseases, hypertension, heart attacks, etc. When cases become very
severe, surgical procedures are then necessary to install cardiac assist devices to help reduce
the stress experienced by the heart and allow it to potentially heal itself. However, the devices
currently used are bulky and very invasive with risks of infections and rejections.

As such, EPFLs Center for Artificial Muscles (CAM) was tasked to investigate and develop a
new kind of cardiac assist devices which would be much less invasive to install. To do so, the
idea envisioned consisted of working with Dielectric Elastomer Actuators (DEAs) which are
often nicknamed artificial muscles due to their close resemblance with the natural ones as
they are, amongst other things, light, thin and can deform themselves significantly. One of
the main challenges of working with this technology, however, comes from the fact that DEAs
have very uncommon needs concerning the driving electronics. Indeed, to operate to the
maximum of their abilities, DEAs require voltages of several thousands of volts — between 5
and 20kV depending on the actuator — to be applied to them.

Currently, these actuators are powered using extremely large and impractical laboratory power
supplies which is unacceptable for portable and medical applications. It was therefore critical
to investigate and uncover a solution for the electronics so that the DEAs’ needs could be met
with a system as compact and efficient as possible.

Thus, this thesis presents the investigating process followed to obtain in the end an electron-
ics system capable of supplying at least 8kV to a DEA and recover unused electrical energy
stored in the actuator. Process which consists at first of an investigation of power electronics
topologies capable of amplifying a given input voltage to a higher level in order to determine
the most suitable one. It concludes that the DC/DC flyback converter was the best candidate
for the job.

This is followed by an in-depth analysis of the working principle of this converter topology to
determine the limiting factors regarding the supply of high voltages. This analysis is confirmed
through the development of an analytical model depicting the behavior of the converter when
it charges the actuator to the required voltage. Thanks to this, a list of solutions to overcome
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Abstract

these factors could be given.

Then, due to the voltage levels worked with and the necessity to recover the unused electrical
energy stored in the actuator, it was revealed that commercially available solutions were scarce
to nonexistent to properly control the electronics. As such, control strategies and custom
devices conceived to resolve this problem are presented.

In the end, the final ultra-high voltage bidirectional flyback converter prototype is used to
operate a DEA pump placed in a test bench recreating the pressure conditions and blood flow
which are expected to be found in a living body. These tests show that the electronics performs
very well and manages to operate without major issues the new cardiac assist device created
by the CAM.

Keywords: Cardiac Assist Device, Artificial Muscles, Dielectric Elastomer Actuators, High
Voltage, Flyback Converter, Energy Recovery, Parasitic Elements, Pulsed Transformer Gate
Drive Topology
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Résumé

Linsuffisance cardiaque est une maladie cardiovasculaire affectant entre 1 et 2 % de la popu-
lation rien que dans les pays développés — soit plus de 10 millions de personnes — avec une
inexorable tendance a augmenter avec le vieillissement de la population. Cet état de santé se
développe lorsque le coeur n’est plus capable de pomper le sang avec suffisamment de force
dans le systeme sanguin. Cette situation peut étre due a plusieurs facteurs tels que d’autres
maladies cardiovasculaires, de ’hypertension, des arréts cardiaques, etc. Lorsqu’'un cas de-
vient particulierement sévere, il est alors nécessaire de procéder a un traitement chirurgical
pour installer un dispositif d’assistance cardiaque pour réduire le stress éprouvé par le coeur
de facon a ce qu'il puisse tenter de se guérir. Cependant, les dispositifs utilisés actuellement
sont encombrants et tres invasifs avec des risques d’infections et de rejets.

C’est pour cela que le Centre du Muscle Artificiel (CAM) de 'EPFL s’est donné pour tache
de trouver et de développer un nouveau type de dispositif d’assistance cardiaque qui serait
beaucoup moins invasif a installer. Pour cela, la décision a été prise d’utiliser des Actionneurs
a Elastomere Diélectrique (DEA). Ces derniers sont fréquemment surnommés muscles artifi-
ciels en raison de leur grande ressemblance avec leurs versions naturelles, car ils sont, entre
autres, légers, fins et capables de beaucoup se déformer. Un des principaux défis, quand il
s’agit de travailler avec cette technologie, est que les DEA ont des besoins trés particuliers en
ce qui concerne I'électronique devant les piloter. En effet, pour qu'ils fonctionnent au meilleur
de leurs capacités, les DEA ont besoin de sources de tension capables de fournir entre 5 et
20kV selon I'actionneur.

Actuellement, ces actionneurs sont alimentés par des sources de laboratoire particulierement
grandes et encombrantes, ce qui est inacceptable pour une application médicale devant étre
portable et compacte. Il était alors critique d’enquéter sur une possible solution qui soit ca-
pable de satisfaire les besoins des DEA tout en étant aussi compacte et efficiente que possible.

Cette these présente le processus d’investigation qui a, au final, mené a la conception d’'une
électronique capable de fournir une tension d’au moins 8 kV a un DEA tout en récupérant
I'énergie électrique inutilisée et stockée dans I'actionneur. Un processus qui a, en premier
lieu, consisté a étudier les topologies d’électronique de puissance capables d’amplifier une
quelconque tension d’entrée vers un plus haut niveau. Cela dans le but de déterminer la
plus a8 méme de répondre aux besoins de 'actionneur. Il a été conclu que la topologie de
convertisseur DC/DC de type flyback était la meilleure candidate.



Résumé

Il en suit une analyse détaillée du principe de fonctionnement de cette topologie pour dé-
terminer les facteurs limitant sa capacité a amplifier une tension aux niveaux désirés. Cette
analyse est confirmée par un modeéle analytique décrivant le comportement du convertisseur
lorsque celui-ci charge 'actionneur a la tension souhaitée. Grace a cela, une liste de solutions
pouvant aider a outrepasser ces limites a pu étre dressée.

Ensuite, les niveaux de tension manipulés couplés a la nécessité de récupérer I'énergie inutili-
sée et stockée dans I'actionneur ont pour conséquence que des solutions préexistantes pour
controler cette électronique sont rares, voire inexistantes. Ainsi, des stratégies de controle et
des composants sur mesure ont été concus pour résoudre ce probleme.

Finalement, un prototype de convertisseur flyback bidirectionnelle a ultra-haute tension est
utilisé pour piloter une pompe DEA placée dans un banc de test recréant les conditions de
pression et de flux sanguin que trouve dans un corps humain. Ces tests ont montré que I’élec-
tronique fonctionne bien et qu’elle est capable de piloter sans trop de difficultés le nouveau
dispositif d’assistance cardiaque du CAM.

Mots-clés : Dispositif d’Assistance Cardiaque, Muscles Artificiels, Actionneur 4 Elastomere Di-
électrique, Haute Tension, Convertisseur Flyback, Récupération d’Energie, Eléments Parasites,
Commande de Grille de Transformateur d’Impulsion
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|§ Introduction

1.1 Context

Cardiovascular diseases (CVDs) are the leading cause of death globally according to the World
Health Organization (WHO) [1] with more than 18 million people losing their lives in 2019
and close to 49 million people living with CVDs in Europe alone. CVD is an umbrella term for
several disorders linked to the heart and the blood vessels around it. Disorders such as the
coronary heart disease which is due to a reduction of the blood supplied to the heart from
its arteries; the congenital heart disease which is due to birth defects affecting the normal
development of the heart; and heart failure (HF) which is caused by an inability of the heart to
properly pump to support the blood flow throughout the body;, to list a few. The latter of which
is estimated to affect between 1 to 2 % of the population — or more than 10 million people — in
developed countries and is set to increase with the ageing of the population [2].

Heart failure starts to develop itself when the heart becomes either unable to properly fill back
up with enough blood (diastolic heart failure) or unable to pump hard enough to eject all of
the blood from the ventricle into the circulatory system (systolic heart failure). HF can be the
result of other CVDs, hypertension, heart attacks, etc. This pathology can lead to a wide range
of consequences from mild discomforts like shortness of breath or fatigue to more severe
symptoms like fluid build-up throughout the body or blood accumulation in the lungs or
eventually to the death of the patient as it has an overall tendency to worsen if left untreated.

While a large portion of heart failure cases can be managed and treated through medical and
lifestyle changes when detected early. When cases evolve and become more severe ventricular
assist devices (VADs) can be considered while on some rare occasions for end stage heart
failures a full heart transplant is the only remaining option. However, these two treatments
remain absolute last resorts because VADs require complex operation procedures and are
extremely invasive, whereas heart transplants require adequate donors which are scarcely
available, and both are not immune to complications further down the line with infections
and rejections.
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Currently the most common VADs generally
consist of bulky systems implanted into the
body with tubes directly connected to the
heart through holes cut into the problem-
atic ventricle as shown in Fig. 1.1 and with a
laminar blood flow — as opposed to the nat-
ural pulsatile flow — generated by a pump
composed of a propeller rotating directly in
the bloodstream [4]. This direct contact with
the blood can often lead to bleeding, blood
clotting or hemolysis (the destruction of red

cells). Meaning that the patient is dependent Figure 1.1: Example of a conventional Ventric-

of medication such as anticoagulants for the 1.1 Assist Device placed in a human body [3].

entire duration of the device’s use [5]. In ad-
dition to that, the system is powered via wires going through the skin which can lead to more
infections and general discomforts to the patient.

It is with the shortcomings of current VADs in mind that the Center for Artificial Muscles (CAM)
was opened and tasked to investigate potential solutions to improve upon the existing systems.
It was decided that the new generation of heart pumps designed within the CAM would be
centered around Dielectric Elastomer Actuators (DEAs) because of numerous advantages
discussed in more details in Chapter 2 but mainly due to their close resemblance to natural
muscles.

The idea that is devised for the CAM heart
pump consists of a tubular DEA which will
be placed around the aorta as shown in
Fig. 1.2 to use the aortic counterpulsation
(ACP) principle. Meaning that the actuator
will be operated in such a way that it will al-
ternatively expand and contract itself in sync
with the beats of the heart. Indeed, by mak- /Atr_i@ r
ing sure that it contracts itself when the aor- R~ Mitral valve ‘,’

tic valve is closed, the blood in the aorta can

be pushed farther into the circulatory sys-
tem which will, consequently, help reduce

L

the pressures sensed by the heart by several
percents and increase the coronary flow [6].

These physical improvements have the po-
Figure 1.2: The DEA heart pump is destined

to be placed after the heart either around the
ascending aorta or the descending aorta.

tential to help stop the progression of heart
failures or even lead to the healing of the
heart [7].



1.2 Thesis goals

1.2 Thesis goals

Whenever dielectric elastomer actuators are talked about, the discussion is most often centered
around their mechanical characteristics and the overall performances regarding deformations,
displacements, etc. that they can achieve which are obviously critical aspects to investigate
for the systems they are destined to be used with. Unfortunately, this is generally done to the
detriment of the electronics necessary to drive them which is often left aside as an afterthought.
Indeed, many brilliant projects promise to make good use of the advantageous characteristics
of DEAs such as their lightness, compactness and high flexibility in applications where the
final product must be compact, portable and efficient. However, when one starts to to look
towards the electronics used to operate them, one will often notice that very large, heavy and
generally impractical laboratory devices are used.

This is due to two main reasons. First, this technology is quite young as it only started to be
seriously studied in the early 2000s beginning with the works of Pelrine [8][9] and its popularity
significantly grew over the past decade. And, second, it is due to the fact that DEAs have very
particular and challenging needs for them to operate at the maximum of their abilities. As
discussed in more details in the next chapter, more than just having a small size not to spoil the
DEAs’ advantages of portability and compactness, the electronics must be capable to quickly
supply extremely high voltages in the order of several thousands of volts to the actuators
(between 5kV to 20 kV depending on the actuator). In addition to that, it must also be capable
to bring the voltage back down to 0V, ideally as efficiently as possible which is rarely the case
with current devices. Indeed, the most common way to bring this voltage down consists of
dissipating energy through resistive elements in the form of heat thus greatly reducing the
overall efficiency of the system.

As such, dedicated electronics systems have only recently started to be investigated and
developed for DEA-based applications. This shows that there are opportunities for studies to
take place within the field of power electronics aimed at dielectric elastomer actuators.

The goals of this thesis are thus to explore the current state of power electronics with an eye
towards high voltage amplification to determine which topologies have the highest potential
to answer DEASs’ needs; to study the behavior of these actuators from an electronics’ point of
view to better understand their needs and define what kind of limitations they impose on the
electronics; to lay the groundwork for optimization processes to take place in the future to
further miniaturize the driving system and open the door for opportunities to make it more
efficient; to investigate solutions to work with and manipulate the high voltages generated
so that DEAs can be safely and reliably operated; and ultimately to show that a dedicated
electronics tailored to the application and made as compact as possible can operate DEAs in
the most challenging conditions.
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1.3 Thesis outline

The way these goals were achieved is presented within this thesis according to the following
structure.

CHAPTER 2: State of the art

This chapter provides a more detailed presentation of dielectric elastomer actuators to un-
derstand the needs and limitations of the technology in order to choose the most suitable
electronics topology to power them. To do so, a brief description of the manufacturing process
of DEAs is first given as it explains some of the electrical characteristics of this type of load
—e.g. its capacitive nature — which will lead to the first selection criterion. As for the second
criterion, it is obtained through the investigation of the working principle of DEAs which
indicates the voltage levels required for them to operate to the best of their abilities.

With these two criteria defined, an in-depth review of power electronics topologies is presented
in which all possible solutions even remotely capable to amplify an input voltage to a higher
level are considered. Through this process it is revealed that several candidates have a great
potential to power DEAs with respective pros and cons. However, the most suitable topology —
the flyback converter — was ultimately selected.

CHAPTER 3: Ultra-high voltage generation with a flyback DC/DC converter

With the topology selected, its working principle is explained in great details in this chapter.
By doing so, the critical design parameters and factors limiting the amplification of the voltage
are revealed. Several strategies and design considerations are then proposed to maximize the
performances of the electronics, and are subsequently implemented.

Ultimately, the manufactured electronics combining all those elements is thoroughly tested
and its performance is evaluated through an energy efficiency analysis. Analysis which re-
vealed new parameters and design aspects worth investigating further for later iterations of
the electronics.

CHAPTER 4: Analytical model of the charge phase

In Chapter 4, the mathematical development followed to obtain the analytical model of the
electronics is detailed. This model describes the behavior of the currents flowing throughout
the flyback converter during the phase when the voltage increases across a capacitive load.
From this model, several pieces of information are deduced such as the maximum theoretical
output voltage a given converter is capable to reach, and the confirmation of an earlier
assumption that parasitic capacitive elements found in the converter are the main limiting
factors regarding the output voltage increase.
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CHAPTER 5: High voltage manipulation and energy recovery

Due to their capacitive nature, DEAs end up storing a lot a electrical energy when fully charged
and deformed. Thus, in order to have the highest overall efficiency possible, it is critical to
investigate solutions to recover this stored energy when the time comes to bring the actuator
back to its original shape. Thankfully, the flyback converter can easily be modified to work
bidirectionally so that the energy can flow from the power supply towards the load and back
to the power supply.

However, because of the voltage levels that must be manipulated, there are currently no
already made solutions available especially regarding adequate high voltage switches. As such,
this chapter presents the investigation process leading to the enabling of the bidirectional
capabilities of the ultra-high voltage flyback converter. Indeed, by implementing the pulsed
transformer drive topology, several high voltage MOSFETs could be put in series to spread the
voltage stress between them. In addition to that, several control strategies are studied in order
to safely and reliably drive the discharging of the load.

In the end, an efficiency analysis is also conducted to evaluate the performances of the flyback
converter during this discharge phase. It reveals that while the solution consisting of MOSFETs
put in series works well, it is the source of a significant amount of losses which will require
further development to reduce them.

CHAPTER 6: Bidirectional flyback converter with dielectric elastomer actuators

In this chapter, the ultra-high voltage flyback converter is put to the ultimate test by gradually
pushing it to its limits. Indeed, here, the converter is used to power DEA tubes which are
themselves put in increasingly challenging environments.

The first series of experiments simply consist of supplying power to DEAs. It was a critical
step as it showcased peculiar behaviors of DEAs when faced with the impulsive nature of
the currents generated by the flyback converter. Behaviors which had a high potential of
fatally damaging the tubes themselves and the electronics but which was ultimately managed
through the implementation of a clever and simple solution.

For the second series of experiments, an actuator is put under constant pressure thanks to
a custom-made water column test bench in order to simulate the pressures a DEA pump is
expected to experience inside a living body. This pressure is gradually increased to study the
effects of this parameter on the tube and the electronics.

And in the last experiments, the DEA tube is implemented in a flow-loop test bench which is
designed to accurately model the circulatory system of the human body using water, a series of
pressure chambers, valves, and a pump pushing the water around. Thanks to this system the
dynamic pressure and flow changes of the blood can be simulated. In the end, this experiment
proves that the electronics is capable to supply the voltages necessary to operate the DEA
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pump. As an added bonus, it even shows that this pump is capable to reduce the pressure in
the circulatory system as hoped.

CHAPTER 7: Conclusion, contributions & outlook

Finally, this chapter concludes this thesis by highlighting the main achievements realized as
well as the resulting contributions. Additionally, the outlook for further investigations and
studies is presented and described.



4 State of the art

2.1 Introduction

The purpose of this chapter is twofold. First, it is to present in detail the actuator that we
wish to operate to show some of the challenges of the particular technology used and to
subsequently define the design specifications for the driving electronics. And second, with
these specifications in mind, it is to give a list of potential solutions and present the selection
process that led to the choice of the topology studied throughout this thesis.

2.2 Dielectric elastomer actuators

The actuator used belongs to the family of Dielectric Elastomer Actuators (DEAs). The popu-
larity of these types of actuators has been steadily growing over the past few decades due to
their extremely advantageous characteristics such as lightness, compactness, flexibility, and
large deformations which can reach 100 % when DEAs are pre-stretched [9-11].

The range of applications for DEAs is virtually endless; researchers have managed to use
them in pick-and-place robots with soft grippers to manipulate delicate objects [12], in wind
turbines to control the flaps along their wings [13], in soft pumps [14], and obviously in
biomedical applications due to their close resemblance to biological tissues [15].

2.2.1 Manufacture of a DEA

In their most basic form, DEAs are made out of a flexible dielectric layer sandwiched be-
tween two compliant electrodes. For the former, it is common to use sheets of silicone of
various thicknesses that are available in the market. For our application, Wacker’s 100 um
Elastosil® 2030 sheets [16] were used. As for the electrodes, they consist of a carbon powder
mixed with liquid silicone to form a so-called carbon ink which is then spread on both sides of
the dielectric layer as shown in Fig. 2.1 below.
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However, regarding the actuator built in the Center for Artificial Muscles (CAM) and ultimately
used as part of this thesis, the process is slightly more complicated as it involves a few more
steps: several silicone sheets on each of which only a single electrode was deposited (also
called modules) are glued on each other as depicted in Fig. 2.2. The resulting stack is then
rolled into a tube such as the one presented in Fig. 2.3. This stacking process allows this new
DEA to provide more force to its environment. In addition to that, to facilitate the flow of
electrical charges in the electrodes and to connect the device to the electronics, access lines
made out of a silver ink are integrated into the electrodes.

Access line

= \\//4
—

Electrode

\ -

_ \ / P
\/ } Sificone Electrodes r—

Figure 2.1: Most basic DEA possible. Only one Figure 2.2: Typical multi-layer DEA used in the

dielectric layer with electrodes on both sides. CAM. Three electrodes sandwich two silicone

The access lines can be made of any conduc- layers. To insulate the device, two thinner sili-

tive material: copper, silver, carbon, etc. cone layers are added on the outside. Access
lines are made out of silver.

Electrode (~5 pm)
)

| Dielectric film (~200 um)
Electrode (~5 pm)
Dielectric film (~200 pm)
Electrode (~5 pm)

Flexible support (~130 pm)
Glue (~80 pm)

Electrode (~5 ym)

| Dielectric film (~200 pm)
Electrode (~5 pm)
Dielectric film (~200 pm)

Electrode (~5 pm)
Flexible support (~130 um)

Figure 2.3: Early prototype of a rolled DEA tube with a cross section showing its internal
structure of multiple active layers. An active layer consists of two electrodes (highlighted in
red) and a dielectric film.

2.2.2 Capacitive nature and energy recovery

Consequently, from an electrical point of view, because of this layered structure DEAs are
extremely capacitive loads [17]. The electrical models commonly considered can vary greatly
in complexity from the basic ideal capacitor to the fully variable and voltage dependent
capacitor with variable resistors in series and parallel (Fig. 2.4). In the work presented here,
models (a) and (b) were mainly used as they represented well enough the behavior of the load
for our needs.
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Figure 2.4: Typical models of DEAs. (a) The most basic with only the actuator’s capacitance
considered. (b) The model takes into account the access resistance of the electrodes of the DEA.
(c) The leakage resistance of the dielectric layer is considered. (d) Most complete and complex
model with all of the parameters variable to take into account the deformation experienced by
a DEA.

This capacitive nature is the origin of one of the main challenges and selection criteria for the
design of the electronics: when fully charged and deformed, DEAs end up storing a significant
amount of electrical energy in themselves because only a small fraction of this energy is
converted into mechanical deformations [18]. This means that, to bring back the actuator to
its original shape, this electrical energy must be removed somehow. Currently, this is most
commonly achieved by simply dissipating this energy through a resistive element in the form
of heat. This strategy, however, is absolutely not adequate for applications aimed to be located
inside a living body where temperature is critical as is the case with our application.

Therefore, the electronics must integrate a strategy that allows this energy to be recovered
from the load to reduce losses and improve overall efficiency.

2.2.3 High voltages

The other characteristic and major challenge that stems from working with DEAs is the voltage
levels they require to operate. Indeed, the motion of the actuator happens when a high enough
voltage is applied across the two electrodes so that the electrostatic force becomes large
enough for the electrodes to move towards one another. This will thus compress the dielectric
layer vertically which will then expand laterally as depicted in Fig. 2.5.

To maximize this electrostatic force and thus the deformations and displacements of an
actuator, one must aim to work close to the breakdown limit of the dielectric material. In
our case, as mentioned earlier, the material used is the Elastosil® 2030 which has a dielectric
strength of approximately 100 V/um. Meaning that, since we are working with 100 um thick
sheets, the voltages required can reach up to 10kV.

An option to reduce the voltages required would be to work with thinner sheets which are
also available in the market. However, one must then be aware of two new significant draw-
backs. First, the overall manufacturing process becomes increasingly more difficult and more

9
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Figure 2.5: Basic working principle of a DEA. On the left, the actuator is not connected to
the power supply. On the right, a high voltage is applied to the DEA; the electrodes squeeze
vertically the dielectric layer which expands laterally.

expensive especially with 50 um sheets or thinner [19]. And second, the electrodes must also
become thinner so as not to stiffen too much the actuator and consequently be detrimental
to its attractive characteristics of flexibility and large displacements. In addition to making
more difficult an already challenging manufacturing process, reducing the thickness of the
electrodes will drastically increase their resistance and thus Joule losses as is the case in [20]
where a 1.4 um thick DEA was designed with massively resistive electrodes ranging from 20 MQ
to 5GQ compared to the approximately 100kQ2 we obtained.

It was therefore decided that the targeted output voltage that the electronics must be capable
to supply was of 8 kV. This includes a safety margin to avoid any risks of voltage breakdown in
the load.

2.2.4 Design requirements summary

In addition to the parameters imposed by the load itself, other requirements were also set
according the needs of the application itself such as the maximal time allowed for the voltage
to increase from 0kV to 8V, the duration during which the voltage had to be kept up, etc.
Table 2.1 below gives a summary of all of the design requirements imposed by the load used as
well as by the application itself. The time durations listed essentially represent the beating
frequency of an adult’s heart at rest of approximately 1 Hz or 60 beats per second.

Parameters Specifications

Load capacitance 2-5nF
Electrode access resistance ~100kQ
Input voltage 12V
Output voltage 0-8kv
Charging time from 0V to 8kV <100ms
Duration at 8kV 500 ms
Discharging time from 8 kVto 0V <100 ms
Duration at 0V 500 ms

Table 2.1: Design specifications and requirements for the high voltage power supply.

10
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2.3 High voltage power electronics

With the design requirements set, a selection process can now be undertaken to determine
which electronics topology is the most suitable to meet those specifications. Additionally,
they bring forward the fact that the voltage levels to manipulate find themselves in a difficult
spot between two major fields of electronics: the power grid with voltages of several hundreds
of kilovolts and more "usual" high voltages of around 400V to 800V found in e.g. electric
cars [21] to 1.5kV in e.g. photovoltaic power systems [22][23]. It is difficult because it means
that very few electronic components that exist are designed to operate in the voltage range
DEAs require while offering adequate performances. The prime example of this is the fact
that there exists currently in the market only one range of MOSFETs capable to withstand
"only" up to 4.5kV: IXYS IXTxxxN450 product range [24]. For higher voltages, relays are used
but their characteristics are poor with slow reaction times and bulky packaging. This specific
problematic is discussed in further details in Section 5.3 but this fact influenced the final
choice of topology.

In the following sections, the topologies commonly used to amplify an input voltage are
explored and judged according to their ability to meet the design requirements.

2.3.1 Amplifiers

Amplifier-based circuits can be a very interesting solution to supply high voltages and custom
voltage waveforms to a load. It is the currently preferred method of the CAM to test and
actuate DEAs. The model used is the very capable Trek 20/20C-HS high speed and high voltage
amplifier shown in Fig. 2.6 which can supply up to 20kV with a large slew rate of at least
800V/us [25].

Figure 2.6: Photography of the Trek 20/20C-HS high voltage amplifier used in the Center for
Artificial Muscles. Three DEA tubes can be seen at the front for scale.

11
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While the existence of this device proves that this topology is more than capable to supply
the voltages required, one must be aware of several downsides that come with it in regards to
portable DEA applications. Such as the fact that this topology actually needs internal power
supplies which themselves supply the high rail-to-rail voltages as shown in Fig. 2.7 which
presents an overview of the working principle of the Trek 20/20C-HS. Meaning that, no matter
what, such a system will have to include one of the other topologies mentioned in this chapter
thus adding to its overall size and complexity.

Additionally, amplifier circuits appear to be unable to work bidirectionally as energy can only
flow from the input to the output.
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Figure 2.7: Overview of the internal circuit of the Trek 20/20C-HS amplifier [25].

2.3.2 Charge pumps

Charge Pumps are centered around capacitors which they use to gradually increase the voltage
throughout the system mainly through the use of active switches. A significant advantage of
these topologies is the possibility to completely integrate them on silicon wafers since they
are not inductor-based like the DC-DC converters presented hereafter which allows to have
extremely compact electronics.

The circuit at the basis of this category is the N-Stage Charge Pump shown in Fig. 2.8 and
extensively discussed in [26] where numerous variations of this charge pump are presented.
This topology works by alternatively opening and closing every other switch in synchronization
with a clock signal V¢ that has an amplitude equal to the input voltage (V¢ = Vi). When
the switch S is closed, the following switch S, is open, V¢ =0V, and Vek = Vip to charge the
capacitor from the source. Then S; is opened, S is closed, Vi = Vi, and Vi = 0V which
shifts up the potential across the first capacitor to V;; + V¢r. This capacitor then discharges
itself into the following one. This process is then repeated, shifting up the voltage at each step
by V¢ until the targeted output voltage is reached.

12
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Figure 2.8: Ideal N-Stage Charge Pump.

In ideal conditions and with enough stages, charge pump topologies could in theory be able
to supply extremely high voltages from a low input power supply. However, several hundreds
of stages would be necessary and thus an enormous amount of semiconductor elements to
control and an equally large amount of losses through each component due to their parasitic
elements.

For the energy recovery, bidirectional solutions for the N-stage charge pump have been studied
e.g. in the works of Qian [27] and Chan [28] but are aimed towards low voltage and mid-to-
high power applications. These works also reveal that these structures become extremely
convoluted with numerous additional switches necessary.

2.3.3 Voltage multipliers

Voltage multipliers are another type of voltage amplifying electronics centered around the use
of capacitors with, however, no active components. The main member of this family is the
Cockroft-Watlon Cascade shown in Fig. 2.9 of which many variations exist but have the same
working principle. This particular topology requires an alternating input voltage to operate
but generates a DC voltage at the output. An important feature of this system to note is that
none of the components used must be able to survive the total final output voltage but they
must rather be only rated for two times the peak input voltage. Additionally, it is really easy to
control as no switches are requires for the system to operate. However, here again, to obtain
an extreme voltage gain the system would need hundreds of stages which would each add
more parasitic elements and thus generate evermore losses along the way.

Stage 1 Stage 2 Stage N
o
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Figure 2.9: Cockcroft-Walton Cascade.
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Regarding its ability to amplify an input voltage, while it is theoretically capable to have gains
necessary for our application, by itself it is greatly limited at amplifying a low input voltage to
several kilovolts due to the increasing amount of parasitic elements that dissipate the input
power with each additional stage. This limitation can be seen in commercially available
devices such as the VM 1566 integrated voltage multiplier from Voltage Multipliers Inc. [29]
which has one of the largest gains in the market for HV applications of barely 5.8 with 14
consecutive stages for an input voltage of 1.2kV and output voltage of 7kV. A concept was
proposed in [30] which allows such a system to work with low input voltages by connecting
the voltage multiplier in series with a transformer circuit to achieve the first voltage step up
necessary but to the detriment of size and dynamic.

As for the recovery of energy, voltage multipliers work exclusively unidirectionally. Therefore
an additional circuit would be necessary to recuperate the energy in the actuator.

2.3.4 Marx generators and series-parallel topologies

A Marx generator such as the one of Fig. 2.10 is a circuit designed to generate extremely high
voltage pulses by putting in series capacitors which were first charged while in parallel to each
other. The pulse is generated by applying a voltage large enough across the leftmost spark gap
switch such that a spark can happen which triggers an avalanche of sparks as each subsequent
switch breaks down up to the last one connected to the load. The sparks effectively short
circuit the resistors by allowing the current to flow through the gaps. Once the energy stored
in the capacitors drops low enough, the sparks stop and the capacitors can be automatically
refilled. Here, the resistors R, are a critical part of the system as they prevent the charges from
flowing back to the input power supply when the sparks are triggered. Not only must their
resistance be large (in the MQ range) to limit the back flow of current but their physical size as
well (depending on the input voltage) to avoid electric arcs across them.

R, R R, R.
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Figure 2.10: Marx generator a) when charging and b) when discharging its capacitors.
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A more controllable variation of such a circuit exists in the form of the Series-Parallel Charge
Pump (SPCP) shown in Fig. 2.11. The working principle is essentially the same as for the Marx
generator and consists of alternatively putting capacitors in parallel to charge them by closing
the switches P and P’ and opening the switches S, and then in series to add their voltage to
one another by reversing the state of the switches. While this topology is also theoretically
able to generate high voltages, it is particularly sensitive to the parasitic capacitance of the
components used especially when working with a high amount of stages. The complexity is
further increased due to the larger number of switches necessary to commute. Voltage balance
is also critical between the stages when the capacitors are in series to ensure that the switches
do not risk to have voltages above their breakdown threshold.
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Figure 2.11: Series-Parallel Charge Pump.

While the Marx generator is not designed to be able to recover energy, the SPCP has the
potential to do so with some modifications to the switching procedure. Potential which is
explored in depth in the work of Almanza in [31] in which he designed a modified Solid State
Marx Modulator (52 M?). In this new version of the circuit, the final switch S,,; is replaced by
an inductor to enable a reverse flow of current which will allow for the leftover energy in the
load to go back to the capacitors of the > M? when they are put back in parallel. The charging
voltage as well as the control signals for switches are supplied through wireless power transfer
to allow for a precise and synchronous commutation of the switches during operation.

This system remains, however, quite complex as each stage requires its own microcontroller to
manage the synchronization of the switches. In addition to that, in its current state, the voltage
control is highly inflexible as the charging and discharging sequences must be hardcoded in
advance in the controllers.

2.3.5 Transformer topologies

The full bridge converter is a classic topology which has been in use for several decades
already in mid-to-high-voltage high-power conversion applications [32][33] e.g. to connect
photovoltaic power systems to the grid [34] or to charge and discharge batteries [35]. The
output voltage supplied is mainly a factor of the turns ratio Nj, : N; of the transformer windings.

This topology works by controlling a four MOSFETs bridge to generate an alternating voltage
across the transformer. Voltage which is amplified thanks to the turns ratio of the inductors
and rectified on the secondary side, commonly by diodes.
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This topology can also be modified to work bidirectionally by replacing the diode-based
rectifier with an active MOSFET-based rectifier as shown in Fig. 2.12. With such a modification,
this converter becomes perfectly symmetrical and can thus be driven in such a way that the
secondary active rectifier becomes the main bridge during the discharge phase and with the
primary bridge acting as a rectifier.

__________________

| Jﬁ} A Jﬁ}

Rectifier

1

Figure 2.12: Full bridge bidirectional converter.

The main and major inconvenient of this system is not only the number of switches required
to operate but the fact that each of the four switches on the high voltage side must be capable
to withstand the full output voltage of several kilovolts thus taking a significant amount of
space. This in itself, as mentioned earlier, would be a significant challenge.

2.3.6 Switch-mode power supplies

Switch-mode power supplies are one of the most common ways to step-up (or down) an input
voltage. Their mode of operation is centered around a switch which is continuously turned
ON and OFF to send pulses of energy towards the load. The sequential nature of the energy
flow implies that at some point during the operation the energy must be briefly stored in a
component. This is commonly achieved by using inductors but also occasionally capacitors
as shown further below.

This type of power supplies can be classified into two families: isolated and non-isolated
converters.

Non-isolated converters

Non-isolated converters include the most common and basic converters such as the Boost,
Buck, and Buck-boost shown in Fig. 2.13. These converters work by exclusively storing their
pulses of energy in an inductor and the output voltage is directly related to the duty cycle
imposed during operation.
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Figure 2.13: Non-isolated converters. Left, the boost. Middle, the buck. Right, the buck-boost.

Regarding the converters which also use capacitive temporary energy storage, one can find the
famous Cuk Converter and the Single-Ended Primary-Inductor Converter (SEPIC) topologies
of Fig. 2.14. The main advantage of having integrated capacitive storage is smoother input
and output currents in the system. Additionally, the SEPIC also provides an output voltage
with the same polarity as the input voltage. However, these topologies are mainly designed for
low voltage applications in which the input voltage varies slightly between being higher or
lower than the output voltage while needing a constant output voltage.
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Figure 2.14: Left, the Cuk Converter. Right, the Single-Ended Primary-Inductor Converter
(SEPIC).

These basic circuits have already been the subject to advanced research to further improve
their reliability, efficiency and overall performances. For example, Tofoli presents in [36] an
extensive list of various adaptations of the Boost Converter designed to improve numerous
aspects of this topology. Ultimately, the author concludes that non-isolated boost-based
converters are not well adapted to achieve high-voltage step-up due to their parasitic elements.
Some notable solutions to increase the gain are listed — such as the Cascade Boost or the
quadratic three-level boost — but they only allow for a limited increase of gain.

As for the energy recovery, some of the circuits presented can be modified to work bidirection-
aly by replacing their diode with a switch as was done in [37] where a bidirectional buck-boost
was designed. However, all of the components must be able to support the final output voltage
compared to other topologies further below. Meaning that several HV switches would be
necessary.

Isolated converters

In his publication [36], Tofoli also mentions the use of coupled inductors to increase the energy
possible to transfer towards the load, to offer galvanic isolation as well as to permit higher
voltage step-up by adjusting the turns ratio of the windings. One of the great classics making
use of this feature is the flyback converter shown in Fig. 2.15 which itself is a modified version
of the buck-boost converter shown earlier.
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While other couple inductor-based topologies exist such as the Tapped-inductor boost (TIB)
of Fig. 2.16, the flyback has the great benefit of having a total isolation between the primary
and secondary side. Meaning that if components or the load are damaged and shortcut, the
rest of the circuit remains safe compared to the TIB which can still allow a current to flow from
the input power supply to the load.
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Figure 2.15: The Flyback converter. Figure 2.16: The Tapped-inductor boost.
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The Flyback topology has already proven itself capable to supply ultra-high voltages in applica-
tions such as Cathode Ray Tubes (CRT) displays or more importantly in DEA based systems as
shown further below. Additionally, this topology can be easily modified to allow a bidirectional
flow of energy by integrating a switch in parallel to the diode on the secondary side. Due to
the isolation provided by the coupled inductor, only this secondary switch must be capable to
withstand the full output voltage targeted which is greatly advantageous. This modification
allows the system to remain extremely simple with a very low amount of components.

The potential of this structure was revealed in the work of Thummala [38][39] in which he
presents the first designs of a high voltage bidirectional flyback DC-DC converter such as the
one shown in Fig. 2.17. With this system, he managed to amplify an input voltage of 24V up
to 2.5kV across a capacitive load with an efficiency of 89%, and to discharge and recuperate
84% the energy through the same system. He also laid the groundwork for the design of the
coupled inductor which is the core component of the flyback structure.
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Figure 2.17: Basic schematic of a bidirectional DC-DC flyback converter. Lp is the primary and
Lg the secondary inductance combined as a coupled inductor (orange) of Np and Ng turns
respectively. C; represents an ideal Dielectric Elastomer Actuator.
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2.4 Conclusion

Ultimately, Table 2.2 summarizes some of the most important characteristics of the previously
discussed topologies. In this table, a tick mark v is assigned to the characteristics which
are clearly within the design requirements, a dash - indicates that the corresponding char-
acteristic may require careful attention but is not eliminatory, and a cross X means that the
corresponding characteristic renders the topology unable to meet the design requirements.

Topology Voltage amplification Bidirectionality Physical volume Circuit complexity
Amplifiers v X X

Charge pumps v v X

Voltage multipliers X X v v

Marx generators v v

Transformers v v X

Non-isolated converters X v v

Isolated converters v v v

Table 2.2: Comparison summary of voltage amplifying topologies.

While several of them are capable of supplying the high voltages necessary, few combine this
feature with an ability to recover the energy from the load. And even fewer are as simple as the
Flyback Converter from the isolated converters family.

Indeed, its potential to generate high voltages and to allow a bidirectional flow of energy,
combined with a very simple circuit using a low amount of components makes the Flyback
the most promising topology to work with to power DEAs. This claim was also confirmed
by Hoffstadt in [40] where he presents a detailed comparison of the benefits brought by a
bidirectional flyback compared to other unidirectional converters with active discharging
circuit when working with output voltages of around 2.5kV.

This topology thus became the centerpiece of the following work.
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8] Ultra-high voltage generation with a
flyback DC/DC converter

3.1 Introduction

The flyback DC/DC converter is a well-known power converter topology with some of the
earliest mentions in the 1970s for space-related applications [41][42]. Since then, the flyback
has been used in numerous and various applications typically requiring high voltages such
as Cathode Ray Tube (CRT) imaging [43], xenon flashlights [44], lasers, etc. And now, over
the last decade, the interest in the flyback converter has significantly grown for DEA-based
applications due to its advantageous characteristics of simplicity and efficiency.

In this chapter, the discussion is focused on the ability and limitations of the flyback to
generate the high voltages necessary to operate DEAs.

3.2 Working principle

As mentioned in the previous chapter, the bidirectional flyback converter shown in Fig. 3.1
belongs to the family of switch-mode power supplies. This means that its behavior is highly
dependent of the conduction state of its various switches and diodes. One can therefore
analyze its behavior by segmenting it in several phases and steps.
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Figure 3.1: Basic schematic of a bidirectional DC-DC flyback converter. M), and M; are the
primary and secondary switches respectively. Cy represents an ideal Dielectric Elastomer
Actuator.
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In the case of the bidirectional flyback, the first way to partition its working principle is by
separating its charge and discharge phases as shown in Fig. 3.2. It is interesting the study both
phases independently because, while they work essentially identically, crucial differences can
be observed such as the influence of parasitic elements being more critical during the charge
phase or the variation of the output voltage being more critical during the discharge phase as
shown further below.
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Figure 3.2: Ideal input current i;,, output current i,,; and output voltage V,,; in a bi-
directional flyback converter. The slope of iy, varies during the charge and discharge phases
because of the rise and following drop of V.

Regarding the aforementioned phases, they can be further decomposed in steps as follows.
During the charge (discharge) phase, the switch M, (Mj) alternates between closed @ and
open @ states (@ and @). While in the former state, a current i;, (iyy) flowing through the
inductance L, (L) linearly increases. This generates a magnetic flux in the core of the coupled
inductor effectively storing energy in it. Since the core is not in saturation, the energy stored
during the charge and discharge phases is given respectively by

1.
1,
Emag = 5 Lsitun 3.2)

The amount of energy that can be stored in the coupled inductor is however limited by the
geometry and the material of the core used. Indeed, the magnetic flux generated by i;;, (ipy:r)
must not exceed the core’s saturation value B;,; to avoid unnecessary losses. The maximum
amount of energy &,4g,max that can be stored during each commutation in any given core
can be found through

1 (Bsar-1e\?
gmag,max ==-AL ( sal e) (3.3)
2 He - Ho
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with A; the inductance factor, By, the saturation magnetic flux density, /, the magnetic path
length, and p, the relative effective permeability. To reach the highest output voltage as fast as
possible, one must seek to work at the limit of the saturation of the core and to do so, the switch
M), (M) must be closed long enough for i;;, (ioy,) to increase so that (3.1) (respectively (3.2))
is equal to (3.3).

When the switch is subsequently reopened, the current i;, (iyy:) stops flowing and the energy
stored is released from the core through the generation of a current i,,,; (i;,;) that flows towards
the capacitive load (towards the power supply).

During the charge phase, the output voltage increases from V,,;[i] of period i, to Vj,;[i +1] at
the end of period i + 1 such that

1 2 1z 1 2 i
gmag = Ecvout[l +1] - Ecvout[l] (3.4)

Theoretically, with enough commutations of M), any output voltage could be reached. How-
ever, as shown further below, this is unfortunately not the case with real applications.

3.3 Charge phase

As highlighted by the works referenced in the previous chapter, high voltage applications of the
bidirectional flyback have all in common the characteristic of never operating with voltages
higher than 2.5kV. This can be attributed to two main factors: the first being that a flyback is
intrinsically limited in its ability to supply high voltages because of parasitic elements which
can be found throughout the system; and the second being that, currently in the market,
high voltage-rated switches with the required performances are rare to non-existent. The
former factor will be discussed extensively in this chapter while the latter will be the subject of
Chapter 22.

For the purpose of clarity and simplicity, since only the charge phase will be considered
in this section, the following analyses and explanations are conducted on a manufactured
unidirectional flyback (Fig. 3.3) inherently limited to 4.2kV as it best displays the studied

behavior.
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Figure 3.3: Basic model of the unidirectional flyback converter
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All of its control specifications and components used can be found in Tables 3.1 and 3.2. The
analyses done hereafter remain applicable to the bidirectional case as integrating a secondary
switch M into the system will simply require adding the value of its parasitic capacitance to
the value of Cp, (the parasitic capacitance of the diode) in the following models.

Parameters Value

Input voltage V;;, 12V
Output voltage Vpy 1 0-4.2kV
Max input current [}, 6A
Load capacitance Cj, 44 1.5nF
Primary MOSFET on time £,5, 37us
Driving frequency f,; 10kHz
Control strategy Fixed frequency
Charging time T, 6ms
Primary MOSFET Mp 500V, 20 A [IRFP460]
Secondary diode D 5kV, 0.2A, Cp = 30pF [R5000F]
Coupled inductor See Table 3.2

Table 3.1: Specifications and components of the 4.2 kV unidirectional flyback converter

Parameters Value

Material Ferrite N87
Geometry E25/13/7
Air gap 0.25 mm
Max energy stored in core Emag, max 1.3mJ
Winding method Un-segmented Continuous

Overlapping
Primary inductance L 72.5uH
Primary leakage inductance L;,, 1.6 uH
Primary winding capacitance Cp 12.6 nF
Primary winding resistance Rj, 0.5Q
Secondary inductance Lg 31.7mH
Secondary leakage inductance L 774.2uH
Secondary winding capacitance Cs 28.5pF
Secondary winding resistance R; 16 Q
Inter-winding capacitance Cyy 51.6 pF

Table 3.2: Characteristics of the 4.2kV flyback’s coupled inductor

3.3.1 Intrinsic voltage limitation due to parasitic elements

As mentioned earlier, in an ideal scenario, a flyback converter is capable to supply any output
voltage with enough commutations of the primary switch M,,. However, as always, experi-
ments show that that is not the case and the output voltage is actually limited and reaches
a plateau that no amount of additional pulses of energy will make possible to overtake as
presented in Fig. 3.4.
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Figure 3.4: Output voltage across a 1.5nF capacitive load measured on a unidirectional flyback
intrinsically limited to ~ 4.2kV. After 6ms, M), stops being commutated [45].

To find clues as to why the converter behaves this way, one must undertake a detailed observa-
tion of the currents flowing throughout the system. In Fig. 3.5 are displayed the waveforms of
the primary and secondary currents in two different situations: first when the output voltage
is still reasonably low and then when the output voltage reached its plateau.
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Figure 3.5: Upper graph, the current waveforms when the output voltage is still increasing.
The currents behave nearly identically to those presented in Fig. 3.2. Small negative currents
can however already be observed. Lower graph, the flyback reached its intrinsic plateau of
4.2 kV and significant negative currents (circled) are now clearly visible. For both graphs, the
scaling factor for the right axis is equal to the turns ratio N; of the coupled inductor.
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Chapter 3. Ultra-high voltage generation with a flyback DC/DC converter

One can note that, in the first case, the measured current waveforms behave nearly identically
to the ideal current of Fig. 3.2. With, however, first signs of discrepancies in the form of small
negative i;, and i,,; currents. Negative currents which increase significantly and are clearly
visible in the bottom graph of Fig. 3.5.

It was observed that the output voltage kept increasing as long as the negative peak value of
the output current i,,, was smaller than its positive peak value. Whereas when both peak
values are equal, the flyback reached its output voltage plateau and all of the subsequent
pulses of energy do not end up in the load but are effectively wasted. The implication of this
behavior is that, upon reaching this state, all of the energy stored in the coupled inductor only
ends up being stored or dissipated in parasitic elements of the circuit.

A first assumption one could make would be that this behavior is solely due to the diode on
the secondary side and that its slow reverse recovery allows for some current to leave the load.
This, however, is only partially correct. Indeed, if the amount of energy flowing throughout
the unidirectional flyback is calculated using (3.1) and & = %C D Vozut as well as the information
of Tables 3.1 and 3.2, one will find that approximately 1.3m] of energy is stored in the coupled
inductor at each commutation of M), while only 0.26 m] of this energy ends up being stored
in the junction capacitance Cp of the diode when the output voltage is at 4.2kV. This thus
leaves a significant portion of the energy originating from the coupled inductor that needs to
be stored somewhere else in the structure, namely in the capacitive parasitic elements of the
coupled inductor.

3.3.2 Flyback model with parasitic elements

From this deduction, a more precise electrical model of the flyback can be defined which takes
into account the critical parasitic elements of all the components of the converter and mainly
those of the coupled inductor as shown in Fig 3.6.

D e

Figure 3.6: Schematic of the flyback converter with additional parasitic elements. Cy, R, and
Ly, are respectively the primary parasitic winding capacitance, wire resistance and leakage
inductance. Cs, Rs and L are the equivalent for the secondary side of the coupled inductor.
Cp is the junction capacitance of the diode and R}, its forward resistance.
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3.3 Charge phase

This model adds to the basic schematic of Fig 3.3 the parasitic capacitances C;, and C; of both
the primary and secondary windings as well as their respective leakage inductances L;, and
Lys, and resistances R, and R;. Importantly, the inter-winding capacitance Cyy is also taken
into account as well as the resistance Rp and the junction capacitance Cp of the diode.

3.3.3 Influence of capacitive parasitic elements

With this improved model defined, one can now focus one’s attention on a particular elec-
trical potential found in the circuit to understand the influence of each parasitic element:
the potential /), shown in Fig 3.6. Indeed, Vp has the particularity of experiencing very large
variations during a commutation cycle depending on the state of the semiconductor com-
ponents. Fig. 3.7 displays the waveform of Vp in relation to the currents during one typical
commutation cycle. Six major different steps were identified and analyzed hereafter.
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Figure 3.7: Measured evolution of the potential Vp put in relation to the currents during one
commutation cycle of the flyback. 6 steps of significant importance were identified during
said cycle.

Step (D: As soon as the primary switch is closed, the input current linearly rises. During
this phase, the coupled inductor briefly behaves like a transformer and thus Vp rises to
Vour + Ny - Vi, with N, the winding ratio of the coupled inductor. Depending on the design
of the coupled inductor, a significant amount of losses can happen during this phase due to
the large current flowing through M),’s ON-resistance, the winding’s resistance R, and the
primary leakage inductance L;,.

Step 2): This phase starts as soon as the input current stops growing after the opening of
the switch. It is during this time that the energy stored as a magnetic flux in the core starts
to generate a current on the secondary side. This part of i,,; represents the flow of charges
removed from the parasitic capacitances Cy, and Cp and sent towards the potential V¢, to
charge C; and C;. This current rises until the potential Vp drops low enough for the diode to
start conducting.
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Chapter 3. Ultra-high voltage generation with a flyback DC/DC converter

Step (3): As soon as the diode enters in conduction mode, all the energy left in the coupled
inductor flows towards the load capacitor which effectively increases the output voltage by an
amount of AV,,;. During this phase, a portion of this energy is lost in the resistive elements
such as the winding’s secondary resistance R; and the diode’s forward resistance Rp.

Step @: This step is the crucial one where the parasitic elements influence the most the
system. Indeed, when the current i, falls below 0A, some of the charges stored in the load
capacitor Cr, and all the ones stored in C; start leaving which opens the diode. This should
theoretically stop any more charges from leaving. However, as shown in Fig. 3.5, a negative
current continues to flow. This current exists because of the need for the potential Vp to rise
back up to V,,¢ + AV, to balance the voltage across the coupled inductor. This equilibrium
is only reached when the parasitic capacitances Cy and Cp store enough charges to raise the
voltage across them to the new output voltage. As the output voltage gradually increases with
each pulse, so does the negative current which also, consequently, sends back energy towards
the primary side through L; with some more losses due to the leakage Lj;.

Step (5: Once this equilibrium is reached, the negative i,,; current falls to 0A and a negative
ijn current is generated on the primary side as a sort of reverse flyback. The latter current is
allowed to flow thanks to the body diode of the MOSFET which starts conducting. Similarly to
Step (D), the potential Vp, is further increased to Vo + AVpy: + N; - Vi, while this input current
flows.

Step ®: Finally, once all the currents have stopped, the potential Vp drops back to the new
value of the output voltage V,,; + AV, until a new commutation cycle starts.

Regarding the energy flow, it is now possible to better estimate how much of the energy coming
from the coupled inductor ends up stored in the parasitic elements. To continue with the
example of Subsection 3.3.1 and Fig. 3.5, this means that when the output voltage is at 4.2kV,
from the 1.3m] stored in the coupled inductor, approximately 0.26 mJ end up being stored
in Cp, 0.25m]J in C;, and 0.46 m] in Cyy. Additionally, this reverse flow of current implies that
0.31m] (with a peak negative current of 140 mA) are transferred back in the coupled inductor
through L; which generates the current mentioned in Step (5). Thus, 1.28 mJ end up stored in
the parasitic capacitances or sent back due to the reverse current, with the small rest being
dissipated through the various resistances.

This example shows how critical the parasitic capacitances of the coupled inductor and the
diode are in limiting the maximum output voltage reachable with this structure. The reason
why they have such a significant and increasing influence at high voltages is because the
energy they store is directly proportional to VI% which is essentially equal to V?,,. Therefore, at
high voltages, it becomes essential to minimize the parasitic capacitive elements (Cs, Cyy and
Cp) through a careful choice diode and secondary switch for the case of a bidirectional flyback
—which can help reduce Cp — and a meticulous design process for the coupled inductor.
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3.3 Charge phase

3.3.4 Simulations

This more detailed model was subsequently implemented in the SPICE simulator LTSpice
to test the aforementioned theory and to confirm that it allows to describe adequately and
sufficiently the behavior of the flyback during its charge phase. Figure 3.8 displays the model
in the simulator with the varying parameters highlighted in red, namely the inter-winding
capacitance Cyy, the secondary inter-layer capacitance C; and the diode capacitance Cp.

paramVin=12 .param Lmp=72.48u .param Lms = 31.66m .param Cload = 2.2n .paramD=0.5
.tran 0 10m 0 100n .paramLlp=1.6u .param Lls =0.77m .param Cw =51.57p .param freq = 10k
.paramRp=0.5 .paramRs =16 .param Cd = 30p
.param Cp = 12.56n .param Cs = 28.52p .param Rd =33
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Figure 3.8: Model considered for the SPICE simulations. The parasitic capacitances highlighted
in red are first set to OF, then set to be equal to the values of Table 3.2, and finally set to three
times the value of the same table.

Then, the following procedure was put in place. Three runs of simulations were conducted
for each of which the values of the highlighted capacitances were different. During the first
run, the capacitances were completely removed (set to 0 F) thus effectively creating an ideal
flyback; during the second run, their values were set to the ones of Tables 3.1 and 3.2; and
during the last run, the capacitances were tripled in value compared to the previous run.

Figures 3.9 and 3.10 present the resulting simulated input and output current waveforms
respectively for the three cases. These simulation runs are also compared to actual measure-
ments obtained with the manufactured flyback. From these graphs, one can clearly see that,
after the addition of the capacitive elements in the model, the negative currents do appear
in a similar way as in the real flyback and they grow larger with larger capacitances. The
consequence of such a behavior can then be observed on the output voltage in Fig. 3.11 where
it is drastically reduced after the introduction of the parasitic capacitances. Especially when
their values are high.

These results thus confirm that the parasitic capacitances found on the secondary side of the
flyback converter are the main culprits behind the negative currents observed on the real
device and thus are a major factor limiting the output voltage possible to reach with such a
structure.

29



Chapter 3. Ultra-high voltage generation with a flyback DC/DC converter

Simulated I,

v

Current [A]
|
b

_4 1 i
—6 ‘—With 3xCap With Cap —— Without Cap ! i
_8 T T T T T T T T T I | | | |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time [us]

Measured I;,

0 WW

l l l l l
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time [ps]

Current [A]

Figure 3.9: Top, simulated input current waveforms of three successive pulses obtained using
a model without and with parasitic capacitances, and with parasitic capacitances three times
larger. Bottom, the input current measured on a real flyback. Circled are the negative currents
due to the parasitic capacitances.
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Figure 3.10: Top, resulting simulated output current waveforms obtained using a model
without and with parasitic capacitances, and with parasitic capacitances three times larger.
Bottom, the output current measured on a real flyback. The negative currents due to the
parasitic capacitances are circled.
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Figure 3.11: Output voltage simulated without and with parasitic capacitances, with parasitic
capacitances three times larger, and output voltage measured on a real flyback converter.

3.4 Design considerations to improve high voltage capabilities

On the basis of those facts, one can now look towards finding strategies to improve the overall
performances of the system.

In this section, the three main and most influential design considerations are presented.

3.4.1 Reduction of the parasitic capacitances of the coupled inductor

The first and most obvious one consists of implementing strategies to reduce the parasitic
capacitances due to the winding of the coupled inductor of the flyback converter.

The winding of transformers and thus also of coupled inductors has been the subject of
numerous in-depth research over the year such as [46] and [47] in which several winding
strategies shown in Fig. 3.12 are analyzed and compared.

In both of those research studies, it was shown that by upgrading a continuous winding for a
discontinuous winding the parasitic inter-layer capacitance can be reduced by at least 25 %
with an equal amount of turns and layers. This gain is mainly due to the difference in voltage
distribution across each layer. Indeed, in the discontinuous case, the voltage between two
layers is constant all along the layers whereas in the continuous case the voltage between two
opposing wires increases along the layers as shown in Fig. 3.13.

Thus, implementing the discontinuous topology is a first step towards reducing the inter-layer
capacitances C, and C;. The main but nowadays negligible disadvantage of this winding
method is that it is slightly more complex to manufacture because of the wire crossing back
the layers which requires special arrangements for it to be held in place during the winding
process.
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Figure 3.12: a) The continuous winding method. b) The discontinuous winding method. c)
Segmented discontinuous winding method. Because of the voltage distribution, the inter-layer
capacitance of the discontinuous winding can be expected to be at least 25% smaller than
of the continuous winding. The segmented winding further helps reducing the capacitance
at the cost of manufacturing complexity. INV; is the number of layers and N; is the number of
turns.
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Figure 3.13: Evolution of the electrical potential in green between two layers of winding in a
coupled inductor.

However, in the former study, the author also shows that the inter-layer parasitic capacitance
could be further reduced if the winding is not only discontinuous but also segmented as shown
in Fig. 3.12-c). These strategies were implemented on various cores for comparison. Their
respective parasitic secondary capacitances were measured and are listed in Table 3.3. The
last method - segmented discontinuous — presented extremely good results as demonstrated
by the fact that with nearly two times the amount of turns — 720 compared to 380 for the others
- the winding capacitance remains nearly three times smaller than the simple discontinuous
method.

Parameter Winding method Capacitance Nb. of turns

Cs Continuous 28.5pF Ns =380
Cs Discontinuous 16.3pF Ns =380
Cs Segmented Disc. 5.8pF N; =720

Table 3.3: Measured inter-layer parasitic capacitance of different three winding topologies:
continuous, discontinuous and segmented discontinuous .

Finally, to reduce the inter-winding capacitance Cy of the coupled inductor, a simple strategy
exists and consists of separating the primary winding from the secondary by putting them
side-by-side rather than overlapping one another as shown in Fig. 3.14-a) and b) respectively.
Table 3.4 shows a comparison of the parasitic capacitances measured with both strategies.
It was observed that the resulting capacitance was more than three times smaller with the
Side-by-side topology.
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Figure 3.14: a) and b) show the side-by-side and overlapping winding methods respectively.

Parameter Winding method Capacitance Nb. of turns
Cw Overlapping 44.8pF  Np =18, Ns =380
Cw Side-by-side 12.5pF  Np =18, Ny =720

Table 3.4: Measured inter-winding parasitic capacitance of different winding topologies:
Overlapping and Side-by-side.

One should note, however, that the implementation of the aforementioned techniques to
reduce the parasitic capacitances is done to the detriment of the leakage inductance which
will increase, thus subsequently increasing the voltage stress on the primary MOSFET as well
as reducing the overall efficiency of the system as shown further below. It will however not
influence the ability of the flyback to increase its output voltage.

3.4.2 Coupled inductor cores

Another parameter that can also be modified to improve the performances of a flyback con-
verter is the core of the coupled inductor itself. Indeed, since the voltage increase limitation
comes from the fact that all the energy stored in the core ends up in the parasitic capacitances,
an alternative strategy can be to increase the amount of energy stored in the coupled induc-
tor’s core during each commutation. To do so, one has three options according to equation
(3.3): seek to increase the maximum saturation flux density B;,;, reduce the relative effective
permeability u., or look for a larger core with a bigger magnetic path length .

Alarger maximum saturation flux density can be achieved by changing the core material. In the
case of ferrites, a wide range of different materials exist with as many different performances
and targeted applications as shown in [48]. In our case, the ones considered would be the ones
destined for switch-mode power supplies (or power transformers) as they offer low core losses
and higher than average saturation flux densities (~0.5 T compared to ~0.45T). Additionally,
most of the standard cores found in the market have the option to have an integrated air gap
to reduce the permeability. One can also be manually added by placing a spacing material
between two core sides. For this latter case, the new relative permeability with air gap ug can
be calculated using the following equation:

He le

= (3.5)
le+g- e

Hg
with p, the original relative permeability, /, the magnetic path length and g the air gap length.
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Other than ferrites, there exists powder cores which are manufactured by compressing into
shape alloy powders of e.g. nickel, iron and molybdenum for Molypermalloy Powder (MPP)
cores, nickel and iron for Magnetics’ High Flux cores, or iron and silicon for XFlux cores. These
cores combine the first two options listed above in one because not only does the material
change but this compacted powder directly integrates a so-called distributed air gap in the
core which greatly reduces the permeability. The three aforementioned core respectively have
saturation flux densities of 0.8 T, 1.5T and 1.6T.

However, two major downsides plague these distributed air gaps cores. The first being that
their permeability value can be so low that this results in an increased peak saturation current.
The consequence of this increase is the subsequent need for a large amount of winding turns
to limit the peak current drawn from the power supply and thus bigger parasitic capacitances
are to be expected. A selection of cores is listed in Table 3.5 for comparison to show the
necessary amount of turn to reach the same peak saturation current.

Core type [A]  I5qr [Al  Bsar [T] Datasheet
MPP 6 0.8 63.5 550 ~12 [49]
High Flux 6 1.5 63.5 160 ~79 [50]
XFlux 6 1.6 63.5 125 ~108 [51]

Table 3.5: Comparison of the amount of winding turns N necessary to reach the same peak
saturation current I, for various distributed air gap cores with similar volumes.

The values were calculated with:
_ Bsar - le
Isat - T a7 (3'6)
He - Ho- N
where By, is the saturation flux density, [, is the magnetic path length, p. is the relative
effective permeability, and N is the number of winding turns.

Consequently, from the distributed air gap category, the most suitable cores are the MPP ones
as they offer a good trade-off between a relatively low permeability and a high saturation flux
density.

The second major downside is that MPP cores are almost exclusively found in toroidal shapes
which significantly complicates the winding process especially when the topologies of the
previous section must be integrated. This ultimately essentially negates their aforementioned
advantages.

In the end, the solution that was considered to improve upon the performances of the flyback
discussed in Section 3.3 is the following one. The material remained a ferrite with the N87
material as it provides some of the best performances for our application. The core geometry
was upgraded from an E core E25/13/7 (A, = 52mm?, A, = 61mm?, V, = 3020mm?) to an
RM14 core (A, = 200mm?, A, = 107mm?, V, = 14000mm?) shown in Fig. 3.15. The volume
increase was necessary as it allowed to not only increase the magnetic path length and thus
the energy stored but also to more easily implement the discontinuous segmented and side-
by-side winding topologies thanks to its larger winding window.
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Additionally, a custom air gap of 0.15 mm was integrated to further increase the energy stored.
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Figure 3.15: First E core coupled inductor prototype (left) and final RM core prototypes: bare,
with visible segmented coil former (center) and encased in insulating plastic (right).

3.4.3 Upgraded coupled inductor

As hinted above, with the implementation of these design parameters, the new coupled

inductor now presents significantly improved characteristics compared to the one used in

Section 3.3 as shown in Table 3.6 below. The major relevant improvements are highlighted in

green. Figure 3.16 shows a schematic representation of a cross section of the final coupled

inductor.

Parameters Value

Material Ferrite N87
Geometry RM14
Air gap 0.15mm
Max energy stored in core Emag,max 6.3m]J
Winding method Segmented
Discontinuous

Side-by-side

Primary number of segments 1
Primary number of turns Nj, 18
Primary inductance Lp, 240.5pH
Primary leakage inductance Ly, 19.7uH
Primary winding capacitance Cp 8.6nF
Primary winding resistance R, 281mQ

Secondary number of segments 3

Secondary number of turns N 720
Secondary inductance L 420.9mH
Secondary leakage inductance L; 34.7mH
Secondary winding capacitance Cg 5.8pF
Secondary winding resistance R; 111.5Q
Inter-winding capacitance Cyy 12.5pF

Secondary winding
3x 12 layers of 20 turns each
_Insulation _

Coil former

Primary winding
2 layers of 9 turns each

Table 3.6: Characteristics of the 8kV flyback’s Figure 3.16: Schematic of the cross section

coupled inductor.

of the final coupled inductor manufactured
showing the windings with the design rec-
ommendations listed previously.
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3.4.4 Secondary diode

Finally, the last element to modify is the diode located on the secondary side of the system as
its junction capacitance also influences the performances of the system when it starts blocking
again during Step @.

In our case, the diode was upgraded from a 5kV diode R5000F from Rectron Semiconductor
with a junction capacitance of 30 pF to a 12kV diode HVEF12P from Dean Technology with
a capacitance of 0.25 pF. Their respective relevant parameters are summarized in Table 3.7
below.

Name VrRrMm [VI Cp [pFl Iy[mA] Vi[V] Datasheet
R5000F 5000 30 200 6.5 [52]
HVEF12P 12 000 0.25 20 27 [53]

Table 3.7: Specifications of the diodes used in the first and the improved flyback prototypes

3.5 Experimental results

With the aforementioned improvements made to the coupled inductor and the flyback in
general, the performances of the system were significantly improved to allow the major
achievement of being able to reliably provide voltages of at least 8kV to a capacitive load.

Hereafter are presented various measurements obtained during the charge phase with the
upgraded converter shown in Fig. 3.17 of which the specifications and components are listed
in Table 3.8, and with a ceramic disc capacitor of a measured capacitance of 2.4nF as a load.

Additionally, thanks to these measurements, an estimation of the overall efficiency could be
undertaken.

Parameters Value

Input voltage V;,, 12V
Output voltage Vo ¢ 0-8kV
Load capacitance Cy, 2.4nF
Control strategy Fixed frequency
Mp, ON time tp, o 130ps
Driving frequency f,j, 4kHz
Charge time T, 8.75ms

Primary MOSFET My, 650V, 30A, Rps o, =80mQ  UJ3C065080T3S
Secondary diode D 12kV, 0.2A, Cp=0.25 pF HVEF12P
Coupled inductor See Table 3.6

Table 3.8: Specifications and main components of the 8 kV unidirectional flyback converter.
The exact bill of materials and schematics can be found in Annexes A and B respectively.
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Figure 3.17: Photography of the manufactured 8kV unidirectional flyback converter.

3.5.1 General measurements

Figure 3.18 displays a schematic of the unidirectional flyback converter with the location of
the measurement points and the devices used to obtain the various waveforms necessary to
estimate the energy efficiency of the system and which are presented hereafter.
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Figure 3.18: Schematic showing the location and devices used to measure the voltages and
currents necessary to estimate the energy efficiency of the system.

Figure 3.19 displays the incremental increase of the output voltage across the capacitive load
to 8kV. Additionally, the input voltage is also presented and is shown to be reasonably stable
and constant throughout the charge phase despite the impulsive nature of the current drawn.
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[
Output Voltage [V]

0 1 2 3 4 5 6 7 8 9
Time [ms]

Figure 3.19: Measure of the input and output voltages during the operation of the unidi-
rectional flyback converter. The output voltage was measured across a 2.4nF ceramic disc
capacitor and reaches 8kV after 8.75ms or 35 commutations of the primary switch.

Figure 3.20 presents the currents during the beginning and the end of the charge phase. The
upper graph shows a great example of the change of the slope of the output current due to
the increasing output voltage. In the lower one, one can observe, circled in orange, the first
signs of the behavior discussed in Section 3.3 which are the negative current flows due to the
parasitic capacitances of the components. They however remain very low considering the
voltage levels at which they were measured when compared to the currents of Fig. 3.5. This
tells us that the design considerations listed previously have been successful at improving the
performances of the flyback and that the latter has far from reached its output voltage plateau.
Meaning that the electronics has the potential to supply even higher voltages than currently
achieved as shown in the following chapter.
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Figure 3.20: The top graph shows the waveforms of the input and output currents measured
during the first 3 pulses of the charging phase. It also shows well the change of the output
current’s slope mentioned in Fig. 3.2. The bottom graph shows the same currents during the
last 3 pulses. Circled are the first signs of parasitic negative currents. Behavior discussed in
Section 3.3.1
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3.5 Experimental results

Finally, Fig. 3.21 shows measurements of V), the voltage across the primary MOSFET and
Vp the voltage across the secondary diode. One can observe quite well on the first graph
the voltage spikes across the primary MOSFET due to the leakage inductance of the coupled
inductor. Also clearly visible is the increasing voltage across the switch while the secondary
current flows which is due to the "transformer effect" of the coupled inductor which, in this
case, mirrors the voltage across the secondary side to the primary side divided by the winding
ratio. As for Vp, one can see the extreme variations that the related potential experiences as
discussed in Section 3.3.3.
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Figure 3.21: The first and second graphs show the waveforms of the voltage across the primary
MOSFET and the diode respectively measured during the first 3 pulses of the charge phase.
The third and fourth are the same voltages for the last 3 pulses.

3.5.2 Energy calculation procedure

To obtain the efficiency of the system, the energy absorbed or dissipated by each one of the
major components and parasitic elements was calculated using the measurements presented
in the previous section. Since these elements are not all actively absorbing or dissipating
energy during the complete duration of a pulse, their respective influence was determined
by calculating the difference of energy between the beginning and the end of each one of the
steps defined in Section 3.3.3 for the relevant components.
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For Step (D), the energy input into the system was obtained by computing the integral of the
input current multiplied by the input voltage &;,, = [ Vi, - Iindt. A portion of this energy is
then dissipated by the resistance R), of the primary winding of the coupled inductor as well as
the ON-resistance Ry, of the primary MOSFET. This energy dissipated was calculated using
the integral of the respective resistance values multiplied by the input current squared i.e.
&R, = pr . Il.zndt and é"RMp = fRMp ~Ifnd t. The energy lost due to the leakage inductance is
obtained thanks to the energy equation &, = %L i pf lzn with I;,, being the value of the current
at its peak right at the end of the step.

During Step (2) most of the energy dissipated is due to the commutation losses of the primary
MOSFET. The value used was the one provided in the datasheet of the manufacturer.

Since Step Q) is the phase during which the current can finally flow freely through the diode,
most of the energy lost during this phase is due to the resistive elements R — the secondary
winding resistance — and Rp — the diode’s forward resistance — for which the energy was
calculated using &g, = [Rs- 12,
during this phase that the secondary parasitic capacitance C; steals a portion of the energy

destined to the load and is obtained with ¢, = %CS(VOL” - Vp)2.

dtand &g, = [Rp- I, dt respectively. Additionally, it is also

During Step (@), the parasitic capacitances Cy and Cp steal back a portion of the energy
stored in the load, thus creating the negative current flow. This stolen energy is calculated
with &¢,, = %CW(VD - VM]!,)2 and &¢, = %C D VLZ). The resulting negative current flow implies
that energy is sent back through the coupled inductor and which can be computed using

A

&1, = 3LI2,, and with &, = $L;51?

- for the accompanying leakage losses where Touz is the

peak value of the negative current.

As for Step (5), a part of the induced primary current is further dissipated through the primary
resistances and the rest is recovered by the input power supply. The latter reduces the overall
energy consumed by the system.

Finally, with Step ) and the system achieving equilibrium, it is possible to determine how
much energy ultimately ends up in the load by using ¢, = %C LV,

Figures 3.22 and 3.23 present the evolution of the aforementioned energies during the first
and last pulses of the charge phase respectively. In Fig 3.23 one can clearly see the partial
energy recovery due to the induced primary current of Step ().
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Energy [mJ]

Time [ms]

Figure 3.22: Evolution of the energy stored or dissipated by the various elements of the flyback
during the first pulse of the charge phase. The rest is the sum of the energy stored or dissipated
in Cs, Cp, Cw, Ry, Rs, Ls, Lis and the core losses.
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Figure 3.23: Evolution of the energy stored or dissipated by the various elements of the flyback
during the last pulse of the charge phase. The rest is the sum of the energy stored or dissipated
in Rm,, Rp, Lis and the core losses.
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3.5.3 Efficiency estimation

Figures 3.24 and 3.25 present the evolution of the distribution of the energy throughout the
system during the first and last — at 8 kV — pulses of energy during the charge phase.
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Figure 3.24: Distribution of the energy originating from the power supply throughout the
system during the first pulse of the charge phase. The rest includes the energy stored or
dissipated in Cs, Cp, Cw, Ry, Rs, Ls, Lis and the core losses.
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Figure 3.25: Distribution of the energy throughout the system during the last pulse of the
charge phase with an output voltage of 8kV. The rest includes the energy stored or dissipated
in Ry, Rp, Lis and the core losses.

One can observe that, during the charge phase and regardless of the output voltage, 17 %
of the energy coming from V;,, is already lost on the primary side due to the commutation
losses of My, the resistance of the winding and the leakage inductance. Additionally, on the
secondary side, while the output voltage remains low as is the case for Fig. 3.24, the losses
are also essentially due the resistive elements — here mainly the diode’s forward resistance —
because of the larger output current density as shown in the top graph of Fig. 3.20.
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3.6 Conclusion

Conversely, when the output voltage is high (Fig. 3.25), the losses due to the capacitive parasitic
elements and resulting back-flow current become more and more important as expected. This
data shows that, while reducing the parasitic capacitances greatly improves the ability of the
flyback to supply higher voltages, improvements shall be made on the primary side — on the
leakage inductance in particular — in order to further improve the overall efficiency of the
system.

In the end, over the 8.75ms of the charge phase an average of approximately 60 % of the
energy originating from the power supply ends in the capacitive load. While this efficiency
may seem low when compared to the 89 % obtained in [38], one has to remember the fact
that the voltage levels manipulated in Thummala’s work are significantly lower and that the
design of his coupled inductor was not as drastically oriented towards minimizing its parasitic
capacitances, which was done to the detriment of the inductor’s leakage and thus to some of
the efficiency.

3.6 Conclusion

In this chapter, it was demonstrated that a design reducing key parasitic capacitances of the
coupled inductor allowed the flyback converter to supply 8kV to a capacitive load — more than
three times what was previously achieved in the literature — from a 12V power supply. The
load, a capacitor of 2.4nF, was charged in less than 9ms.

Design considerations such as a segmented discontinuous winding method to reduce the
inter-layer capacitance and of a side-by-side method to reduce the inter-winding capacitance
have been implemented. Additionally, options to increase the amount of energy stored in the
coupled inductor through the use of cores with distributed air gaps are proposed with the
caveat that, although such cores may possess more attracting magnetic properties, they make
the winding manufacture significantly more complex due to their toroid geometry.

The parasitic capacitances have been reduced through the control of the winding in a conven-
tional RM core. With this improved design, parasitic capacitances no longer limit the output
voltage and their effect on the efficiency reduction is limited, giving access to an average
charge efficiency of 60 %.

Nonetheless, the results obtained here also revealed opportunities for further improvements.
Regarding the physical size of the system, further reducing the size of the coupled inductor
will be critical to make the heart pump system more portable. However, this parameter is
highly dependent of the characteristics of the load itself and of the voltage rise time required.
Indeed, the capacitance of the load dictates how much energy is required to reach a certain
voltage, thus how many pulses are necessary and consequently of fast the output voltage will
rise. Furthermore, the access resistance of a DEA will dissipate additional energy, worsening
the energy efficiency and thus limiting how high the voltage will be able to go.
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Ultimately, to find the smallest size possible, an optimization of the complete system should
be undertaken which maximizes the energy stored in the coupled inductor and minimizes its
size while taking into account the capacitance and access resistance of the load as well as the
maximal output voltage rise time tolerated.

As for the efficiency of the system, the resistive elements and the leakage inductance of the
primary side revealed themselves to be the source of a large amount of losses. The latter being
inversely related to the parasitic capacitances, a topology optimization procedure could be
undertaken over the winding topology as well as the core geometry to find the optimal balance
between these two parasitic elements. This could also help reduce the size of the coupled
inductor.
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Analytical model of the charge phase

4.1 Introduction

In order to provide a first building block for the implementation of the optimization processes
recommended at the end of Chapter 3, an analytical model was elaborated to represent the
working principles of the electronics during the charge phase.

Other than its potential for optimization purposes, this model already helped reveal and
confirm how influential each of the parasitic capacitances were regarding the performances of
the system. Thus, thanks to this model, an estimation of the absolute maximal output voltage
theoretically reachable with the latest prototype could be obtained.

4.2 Model schematic and procedure

In this chapter, the focus is solely on the charge phase during which the output voltage
increases across a basic capacitive load by considering the unidirectional flyback presented in
Fig. 4.1.

As mentioned previously, this charge phase is characterized by a succession of pulses of energy
sent from an input power supply u;,(#) towards the load C;, through a coupled inductor which
gradually increase the voltage u,,(f). Similarly to what was done in Section 3.3, each pulse
was further divided into only 5 major steps (compared to 6 previously, for the sake of simplicity
as one of them is negligible) which are linked to the existence of currents (or absence thereof)
in parts of the circuit as well as their direction. Fig. 4.2 showcases actual measurements of the
currents obtained with the 8 kV flyback and displays the aforementioned steps.

During step (D, M), is closed which allows the primary current i;;, to flow and gradually
increase as it loads the coupled inductor with magnetic energy.

Step (2) starts as soon as M), reopens. Consequently, the energy stored is released in the form
of a current i,,; flowing towards the load which will increase the voltage across it.
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Uin(t)

Figure 4.1: Schematic of the circuit considered for the analytical model. The switch M, is
considered ideal as well as the diode D. However, for the former, its body diode Dy, is also
included and considered ideal, as for the latter, its junction capacitance Cp is included. Cp
represents the inter-layer capacitance of the winding, R, the wire resistance, L;,, the leakage
inductance, and N, the number of turns of the primary side of the coupled inductor. The same
elements are considered for the secondary side. Cyy is the inter-winding parasitic capacitance.
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Figure 4.2: Primary and secondary currents flowing during a) a pulse of energy when V,,; =
1.1kV and b) a pulse when V,,; = 6.9kV. The 5 steps described are identified for both a) and b).
One can notice that the output current varies with the output voltage as shown further below.

Step () begins when i,,; crosses the 0 A line. This step is the most critical one regarding the
influence of the parasitic capacitive elements. Indeed, as soon as i,,; becomes negative, the
diode starts blocking which should stop the current. However, it was observed that a negative
current continues to flow regardless. As a side consequence, this negative current charges the
coupled inductor with magnetic energy.

Step (@ exists because this magnetic energy stored in the coupled inductor is released back
towards the power supply as soon as the body diode of M), starts conducting which happens
when the slope of iy, (#) changes in polarity thus inverting the voltage across the coupled
inductor. This behavior is very similar to what happens between steps 1 and 2.

Step (B is simply the resting state where no current is flowing in the converter until the start of
the next pulse.
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4.3 Step 1 - Primary current

4.3 Step1 - Primary current

During this step, the current of interest is the current iy, as it is the one effectively charging with
energy the coupled inductor. This current starts to flow when M), closes and increases while
charging the inductance. During this time, no secondary current is flowing. In Fig. 4.3, the
relevant components considered to determine the analytical equation of i; during this step are
highlighted. Underneath, the equations in the time domain for each highlighted component
are given as well as their Laplace equivalent. Since M), is considered as ideal, the act of closing
it creates a step function of amplitude V;, across the RLC circuit. It is represented as such by
(4.1).

ug, ()
lin(f)  Ip(f) ——=

ic(?) RP Llp

Uin(1)

Figure 4.3: Highlighted are the elements considered to obtain the analytical equation of the
primary current.

Vin
Uin(t) = Vi o—e Ujp(s) = — 4.1)

N

1 r 1
e, 0= - [ icwar o—eue, (9= o le (4.2)
g, (1) = Ryir (1) o Up, () = RpI1(5) (4.3)

dip(t

ur, (6= (Ly+ Llp)%) o—e U, (5) = (L + Lip) (SI.(5) — i1(0)) (4.4)
Lin(t) = ic(8) +ir(r) o—e I;n(s) = Ic(s) + IL(s) (4.5)

4.3.1 Analytical solution

Let us first define the initial conditions of the system. Regarding C,, we consider it to be empty
and thus it has an initial voltage of 0V. Similarly for the iy (0) in (4.4), no current is flowing in
the converter thus i (0) = 0.

Solving the equation system using Kirchhoff’s law, we have at the end

1
"SRy +s(Lp+Lip))
~Vin  Rp/Lp+Lip)

" Ry s(s+Rp/(Ly+Lip)

I;1(s)=V;

(4.6)
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..  a . _ Ry
It can be observed that I (s) is in the form F(s) = RG] with a = L+,

which is the Laplace

transform of the function f(z) = (1 - e~%"). Thus, we can obtain i; (#), the inverse Laplace

function of I; (s) such that:

L £ vy
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i) =—"(1—e

p

Rp

t
)

4.4 Step 2 - Secondary current

=

ir(t)

(=)

As mentioned above, this step starts when M), reopens and the energy stored in the coupled
inductor is released through the generation of the secondary current i, (?). Fig. 4.4 shows
the relevant components considered for this step and on the right the equations in the time
and Laplace domains. Here, Cy and Cp are not considered because the voltage up(¢) is equal

to 0V since the diode is considered as ideal.

(1)¥mon

Figure 4.4: Highlighted are the elements considered to obtain the analytical equation of the

secondary current iy, ().

Vo

1 ¢, 1
Uout () = Vo1 + _f lour(T)dT 0—9 Upys(8) = + —Ious($)
Cr Jo s sCp

1 t
uc,(t) = Vo1 + —f ic,(m)dt o—eUc/(s) =
Cs 0

ug,(t) = Rsip (1)

dir (1)
dt

iLS(t) = ldoyue(0) + iCS(t)

up(t)=0

ur, () = —(Ls+ Lis)
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o—e I (8) = Loyt (8) + I (s)

o—eUp(s)=0

(4.8)

4.9
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4.5 Step 3 - Reverse output current

4.4.1 Analytical solution

Regarding the initial conditions, in (4.8) and (4.9), V,; is the value of the output voltage at
the end of Step 1. Similarly for (4.11), iz (0) = f,-m/ N, where fm,l is the peak value of the
primary current at the end of Step 1 and N, = N5/ N, is the turns ratio of the coupled inductor.
Additionally, since Up(s) = 0, we can consider that C,; and Cy, are in parallel to one another.

Solving the equations system, we get

ir,(0)(Ls+ Li5)Cr 1
Iout(S):(L ;3 )(C+C).S. N 7 5
s TRl I s T L Tl (CorC) TS Tl T3
V,.C 1
011 . (4.14)
(Ls+ L) (Cs+Cy) 1 + . s2

Tt L CorC) TSl T

-1 - R _ [2 2
Let us now say that wg» = oo 2T Wy and wg = wp o~ s

Therefore

i, (0)Ct Wa,2 Vo, 1CL Wa,2
Tout(s) = §— 5= — )
wa2(Cs+C1)  wf ,+(s+az)* Wa2(ls+Li)(Cs+C) wy,+(s+az)
(4.15)
Bz~e7a2t
SN ‘/]A Ag-em 92!
iour(t) = Ap-e” 2" cos(wq 2t + @) — By - e~ ®!sin(wg 2 1) 0 \\\\ // | / \\ /7 \"‘ 7
\‘ | ’c‘
(4 16) | ( (‘\J \/\2 Lo a2t ‘:1\""(.',2 t+¢)
Y

t

_ 2 2. C (0 _ VonCi _ ( [P )
where A = /@, + (=02 T e un, B2 = Trtn(Crrcowg, A0d ¢ = arctan g7 ).

4.5 Step 3 - Reverse output current

As soon as the output current drops below 0 A, the current should be blocked by the diode.
However, experiments showed that a current continues to flow regardless. This is due to the
fact that the parasitic capacitances Cp and Cy must store enough energy for the voltage across
them to rise to the same level as the output voltage. The solution of the following equation
system confirms that the existence of these capacitances explains this reverse flow of current.

Fig. 4.5 once again shows the circuit with the relevant elements and on the right the corre-
sponding equations in the time and Laplace domains.
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(1)*1on

Figure 4.5: Highlighted are the elements considered to obtain the analytical equation of the
reversing secondary current i,,(?).

1 r Vo,2 1
Uout(t) = Voo — _f lour(1)dT 0—0 Upys(8) = = —Ious($) (4.17)
CrJo sCr
1 r Vo,2 1
uc,(t) = Voo — —f ic,(m)dr o—eUc/(s)= ——1I¢,(s) (4.18)
Cs Jo SCs
up () = Rsir (1) o—e Ug,(s) = RsI1(9) (4.19)
dir (b
ur, (0= (Ls+ L= oo UL, (s) = (Ls+ L) (I, (8) = ir,(0))  (4.20)
t
ey (f) = if ip(T)dT oo Ug, (5) = ——Ip(s) 4.21)
Cp Jo sCp
t
U, (f) = 1 f iw (@) dr oo U, (8) = —— Iy (s) 4.22)
Cw Jo sCw
i, (1) = iour(t) +ic, (1) o—e Iy (8) = Ipyu:(s) + Ic () (4.23)
Lour(8) = iw (8) +ip (1) o—=o Iy (S) = Iw(s)+ Ip(s) (4.24)

4.5.1 Analytical solution

For this step, the initial conditions are V, » the voltage across the load at the end of Step 2.
Whereas iz (0) = 0 since the step start precisely when the current is equal to 0 A.

Let us first consider that Cy, and Cp are parallel to one another. This simplification was done
because the voltage u;,(t) is constant and its amplitude is negligible compared to that of
uc, (t) and uc, (2).

With this simplification, the solution of the equation system becomes

Vo,2Cr(Cw +Cp) ‘
(Ls+ Li5)(CLCs + CL(Cw + Cp) + Cs(Cw + Cp))

Tout(s) =

1

32+S Ry + Cr+Cyw+Cp
Ls+Lis ~ (Ls+Lis)(CLCs+CrL(Cw+Cp)+Cs(Cw+Cp)

(4.25)
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. _ Cr+Cyw+Cp _ A2 _
Rearranging the terms such that wg3 = \/(Ls+le)(CLCs+CL(CW+CD)+CS(CW+CD)) a; and az =
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4.6 Step 4 -Induced primary current

Due to the reverse output current of Step 3, the coupled inductor is loaded with magnetic
energy by said output current in a similar way as during the first step. This energy is subse-

quently released back towards the input power supply through the generation of an input
current.

The circuit of the relevant elements considered is shown in Fig. 4.6 and on the right the
equations in the time and Laplace domains.

ug, ()
lin(f)  Qr(t) «—=

Uin(1)

Figure 4.6: Highlighted are the elements considered to obtain the analytical equation of the
induced primary current.
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Uin(t) =Vip O—.Uin(s)z%

1 r 1
uc,(t) = €, Jo ic(tydt  o—eUc,(s) = EIC(S)
ug, () = Rpir (1) o—e Ug,(s) =RpIL(s)

dip (1) .
ur, () =—-(Lp+ Llp)T o—e Up,(s) =—(Lp+Lip)(sIL(s) —iL(0)

Lin(0) =ir(0) —ic(?) o—e Iin(s) = Ip(s) — Ic(s)

4.6.1 Analytical solution

(4.28)

(4.29)

(4.30)

(4.31)
(4.32)

The initial conditions of the step only concern the current iy () for which iy (0) = iout,g - N,

with fout_g the peak value of the reverse output current of Step 3.

To solve this equation system, we can say that
Uin(s) = U, (s) — Ug,(s)

Vin .
— =—=(Lp+Lip)(sIL(s) =ir(0)) = Rpr(s)

From there, we can find the equation for the primary current I (s)

Ry
. ]- Vm Lp+Llp
I (s) = ZI‘(O)—Rp - R_ : —Rp
St IL+L RS ey )

(4.33)

(4.34)

(4.35)

lout (1) o

V.
ir(H)=ip(0)-e” %! - 2L(1 — e~ %)
Rp

with ay = ﬁ
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4.7 Comparison with measurements

To validate the analytical model for each step, the measurements presented in Fig. 4.2 were
superimposed with the equations of each step and shown in Fig. 4.7. The values of the various
parameters of the equations correspond to the ones of the manufactured flyback, the HV
diode and the load used to obtain said measurements and can be found in Table 3.6.
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Figure 4.7: Superimposition of the analytical equations over measurements obtained with a
homemade flyback converter during two different pulses of energy. On the top, V,; =1.1kV
and, on the bottom, V,,; = 6.9kV. The characteristics of the components are given in Table 3.6.

We can observe that the obtained equations fit very well the measurements and thus describe
well the behavior of the currents during a single pulse of energy, regardless of the output
voltage currently existing across the capacitive load.

However, certain discrepancies can be seen such as the high frequency oscillations measured
on both the input and output currents. Those oscillations originate most certainly from the
semiconductor components (M), and D) when they are commutating as they were considered
ideal.
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Chapter 4. Analytical model of the charge phase

4.7.1 Estimation of the maximum output voltage reachable

With the equations of the currents now defined, it is possible to evaluate how much the output
voltage varies with each pulse as well as the theoretical absolute maximum a given flyback
should be capable to reach.

This evaluation can be done by working with equations (4.8) and (4.17) and computing sequen-
tially for each pulse the output voltage while adding each result to the previous one. Fig 4.8
presents the result of such a process after hundreds of pulses clearly showing the asymptotic
nature of the output voltage plateauing at nearly 12kV in our case. Fig. 4.9 displays a zoom
where the evaluated model is superimposed with measurement confirming the good fitting of
the model.
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Figure 4.8: Evaluated analytical model over measurements of the output voltage. From the
model, one can expect the converter to reach a plateau at around 12 kV.
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Figure 4.9: Zoom of the model superimposed over measurements over the duration of the first
5 pulses of energy.
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4.8 Conclusion

This chapter presents the mathematical development undertaken to obtain the analytical
equations depicting the transient input and output currents flowing through the ultra-high
voltage flyback converter for each of the steps that compose an energy pulse when the flyback
is used to charge an ideal capacitive load.

By superimposing the numerical evaluation of the equations using the characteristics of
a given flyback over measurements obtained with said manufactured flyback, the validity
of the model could be confirmed as it displayed an excellent fit between both waveforms.
Additionally, thanks to this model, the theoretical absolute maximum voltage plateau that the
tested flyback could supposedly reach was calculated and was determined to be of around
12 kV. Thus showing that the manufactured flyback has far from reached its full potential in
regards to the output voltage it can supply.

Therefore, this means that the resulting analytical model not only confirms the assumptions
made in the previous chapter that the capacitive parasitic elements Cp, Cs and Cyy are the
main culprits behind the flyback’s limited ability to supply extremely high output voltages but
it also provides a definitive way to estimate the influence of each one of them separately.

Ultimately, this model is the first stepping stone to enable further optimization of the converter
to allow it to supply even higher voltages with enhanced efficiency. From the work presented
here, several leads could be followed to improve the performances and reliability of the system.
A first one could be the further development of this model including more complex models for
the load to better represent Dielectric Elastomer Actuators which could help better understand
their behaviors when faced with impulsive currents.

A second lead could be to make this model work in conjunction with optimization processes
such as topology optimization applied to the winding of the coupled inductor to find the
optimal minimum between the leakage inductances and the parasitic capacitances so that the
output voltage is maximized with minimal amounts of losses due to the leakage.

And finally, the work made for this model could also help for the control aspect of the flyback
by potentially removing the need for a voltage probe across the output providing feedback to
the controller, thus reducing the complexity of the system and further losses.

Publications related to this chapter:

R. Mottet, A. Boegli and Y. Perriard, "An Analytical Model for the Prediction of the Maximum
Output Voltage Reachable with an Ultra-high Voltage Flyback Converter Driving Capacitive
Actuators," in 2021 23rd IEEE European Conference on Power Electronics and Applications
(EPE’21 ECCE Europe), 2021, pp. 1-9.
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5] High voltage manipulation and en-
ergy recovery

5.1 Introduction

With the challenges due to the voltage amplification process now mastered, the purpose of
this chapter is to delve more into the challenges of having to manipulate the high voltages
necessary to actuate dielectric elastomer actuators as well as of having to remove and recover
the energy ultimately stored in such a load.

The first section hereafter concerns a critical aspect necessary for the proper functioning of
the system, namely the ability to measure the generated output voltages. Indeed, without it,
very little is possible regarding the control or to check that the electronics operates correctly.

The second is about the method and resulting solution thanks to which the bidirectional
behavior could be enabled. Indeed, due to nonexistent commercially available solutions, a
custom-made HV switch had to be conceived.

And the third touches on the strategies tried and implemented to control this secondary switch
in order to safely of efficiently reduce the output voltage as well as recover the charges stored
in the capacitive load.

Finally, as done in Chapter 3, the energy efficiency of the discharge phase is estimated.

5.2 Integrated ultra-high impedance high voltage probe

One of the first issues that was quickly faced during the design process of the bidirectional
converter was the necessity to be able to reliably measure the high voltages throughout the
secondary side of the flyback, but most importantly across the load.

To satisfy the needs of the new electronics, the probe used must be capable to meet three
major requirements. The first is, obviously, that it must be capable to withstand the targeted
output voltage while including a safety margin.
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Chapter 5. High voltage manipulation and energy recovery

The second is that it must be capable to measure precisely the dynamic variation of the voltage
signals. As shown in the previous chapters, the voltages to measure can vary in as little as a
few microseconds meaning that a bandwidth of at least several tens of megahertz is necessary.

And the third is that, because of the capacitive nature of the load, the probe must have an
input resistance large enough so that the actuator does not lose all of its stored energy through
the probe itself when actuated at max voltage. Indeed, knowing that the load is a capacitor of
several nanofarads charged at 8kV, one can determine the resistance necessary to ensure that
the voltage across the load does not drop below a set percentage of the maximal value over the
duration of the high voltage rest period using

ot t
Vi =Vie RprobeCl = Ryrobe = Cr
L

Vi1t
ln(—l)] (5.1)
Vy

where V; and V; are respectively the initial and final voltages across the capacitive load Cp,
and Ry ,pe is the resistance of the probe. In our case, it was decided that at least 95 % of the
voltage had to be left in the 2.4 nF load capacitor after 500 ms with an initial voltage of 8kV.
Therefore, the input resistance of the probe must be of at least 4 GQ.

The combination of the two latter requirements makes the selection process for a commercially
available device extremely challenging. Indeed, several high voltage probes and measuring
systems do exist but none are capable to appropriately meet all three of the requirements. For
example, electrostatic voltmeters such as the Trek P0865 from Advanced Energy are capable to
measure voltages well into the range necessary for our application with input resistances in
the order of teraohms since they do not come into direct contact with the measured potential.
However, they are designed to work with DC and up to 50 Hz signals and are therefore too slow
for our targeted applications.

As for the best probe in regards to the bandwidth — which was the one ultimately obtained by
the CAM - Tektronix offers the P6015A 20 kV oscilloscope probe with a bandwidth of 75 MHz.
Unfortunately, it has an input resistance of only 100 MQ. Using eq. (5.1), one can determine
that the 2.4 nF load charged to 8 kV will empty itself by 95 % over 500 ms.

Therefore, a custom-made voltage probe had to be designed which would fit in between the
two aforementioned types of probes.

5.2.1 Voltage divider design considerations

The designed probe makes use of the classical voltage divider layout using 5 surface mounted
(SMD) resistors of 2 GQ each put in series for a total of 10 GQ with a 10 MQ resistor to provide
a 1000:1 dividing ratio as shown in Fig. 5.1. This total resistance value was selected because
it allowed for fewer losses than the strict minimum calculated above while ensuring that the
voltage across each resistor did not exceed their respective breakdown voltage and also due to
the footprint sizes available to keep the probe as small as possible.
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5.2 Integrated ultra-high impedance high voltage probe

To ensure proper operation of the probe, several design aspects had to be taken into account.

The first aspect being that, due to the way
they are manufactured, resistors have an in- ~ #15kv

trinsic parasitic capacitance which is conven- 260 I 22pF
tionally modeled in parallel to the resistance. 60 22 pF
Since no two resistors are perfectly identi- %
cal, this capacitance varies from component 2GQ 22pF 15V
to component and if it is not taken into ac- E
X X X 2GQ 22pF | o

count in the design the behavior of the probe N b t13¥
becomes hard to predict especially at high 260 22pF
frequencies where their influence dominates. E I v
Th h li ion for which th 10MQ 3.3nF ”— 820pF

us, because the application for which the | T T

probe is destined to requires the probe to =

be able to accurately measure highly tran- . .
Figure 5.1: Schematic of the ultra-high

impedance high voltage probe. An optional
module can be added if necessary to use the
probe with a microcontroller.

sient and fast signals, it was critical to bal-
ance the capacitive voltage divider with ca-
pacitors large enough to negate the parasitic
capacitance of the resistors yet small enough
to ensure that it steals as little energy as possible while the output voltage increases across the
load.

The balancing of the divider is achieved when the ratio of capacitances across the resistors
is inversely proportional to the resistance ratio as shown by the equations below which are
linked to the schematic of Fig. 5.2.

Uin
P 1000R 5.2)
=H 714 jwl000R-C
R
ZL =1 joR-1000C ©-3)
Z =Zy+zy = — DR (5.4)
=tot m=HT=L™ 7,4 i»h1000RC
Your _ Zy
= U; Zior
R 1+ jwl000RC
Figure 5.2: Simplified schematic of the high ~ 11 jwl000RC ~ 1001R
impedance voltage divider used to demon- __1 5.5
strate the balancing of the capacitive divider. 1001

Figure 5.3 displays measurements of the output voltage generated by the flyback across
a capacitive load. They were obtained simultaneously with voltage dividers of identical
resistance but with two different sets of balancing capacitors, both theoretically meeting
the aforementioned ratio requirement, and compared to Tektronix’s P6015A probe which is
used as reference. One can see that the divider with 5 pF capacitors across the 2 GQ resistors
performed worse than with 22 pF capacitors. It is believed that this is due to the smaller
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Chapter 5. High voltage manipulation and energy recovery

capacitance value being too close to the value of the parasitic capacitance of the resistors
for the latter to be negligible in comparison. Consequently, this influences negatively the
capacitive ratio and thus the final ratio of the probe during the transient phase. Additionally,
one can note in the left image a significant voltage drop during the resting phase. This drop is
due to the reference probe discharging the capacitive load through itself because of its low

input resistance as discussed previously.
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Figure 5.3: Comparison of measurements obtained simultaneously with two voltage dividers
with adequate balancing capacitors (five 22 pF capacitors in series) and without (five 5 pF
capacitors in series), and with Tektronix’s P6015A probe used as reference for the tuning. The
left image shows the evolution of the measured voltage across a long duration and the right
image presents a zoom of the first two pulses. The significant voltage drop visible on the left is
due to the reference probe emptying the load during the measurement process.

The second aspect concerns the monitoring of the voltage output across the low side of
the probe. Indeed, because of the already large resistance value of 10 MQ used, directly
measuring the divided voltage with any kind of conventional probe —e.g. a typical oscilloscope
probe with a input resistance of 1 MQ — will greatly influence the dividing ratio and limit the
performances of the voltage divider. Therefore, an additional operation amplifier (OpAmp) in
voltage follower mode was integrated to make use of the extremely high — in the order of 10'2Q
— input resistance of the device. This allows for any type of probe to be used or for further
division of the voltage to be sent e.g. to a microcontroller for control purposes. Ultimately, the
voltage range the probe is capable to measure is limited by the voltage supplied to the OpAmp
which is, in our case, +15 V multiplied by the division ratio of 1000. Therefore, the new probe
is theoretically capable to provide measurement of voltages of up to £15kV.

And finally, due to the voltage levels manipulated and their speed, the last aspect is the
footprint layout of the probe which is also critical to avoid any unwanted additional parasitic
capacitance and inductance in the circuit as was discovered at our expense and shown in
Figs. 5.4 and 5.5. Indeed, these figures present measurements of the output voltage with two
probe prototypes with different PCB layouts. The faulty prototype was a tentative for a more
compact design by having the components forming a U-shape. It is supposed that due to
the difference in voltage between the various resistors the influence of the inter-components
parasitic capacitances is increased which unbalanced the voltage divider. In addition to that,
a parasitic inductance due to the layout’s shape may also have made matters worse.
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Figure 5.4: Left, linear probe prototype with, right, the corresponding measurement of the
output voltage across a capacitive load. The signal is stable despite the large voltage jump
experienced.
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Figure 5.5: Left, U-shaped probe prototype with, right, the corresponding measurement of the
output voltage across a capacitive load. Significant unwanted oscillations are visible during
the resting state between pulses.

Ultimately, a comparison between the newly designed probe and Tektronix’s P6015A oscillo-
scope probe was realized to make sure that the former achieves the performances required
by the converter. Figure 5.6 shows the result of this comparison and one can see that, at least
within the scope of this application, it clearly out-performs the latter as it follows very well
the transient signals during the charge phase while having minimal influence on the voltage
across the capacitive load during the rest phase.

5.3 Pulsed transformer gate drive switch

With the ability to supply as well as measure the required voltages achieved, the next major
challenge was to enable the bidirectional flow of energy through the flyback to recover as much
energy from the load as possible and send it back to the 12V power supply while bringing the
output voltage back down to 0V.

To do so, as previously discussed, a secondary switch M; placed in parallel to the secondary
diode as shown in Fig. 5.7 and capable to withstand at least 8kV and fast enough to avoid the
saturation of the core was necessary.
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Figure 5.6: Comparison of the custom-made +15kV, 10 GQ2 voltage probe with Tektronix’s
P6015A 20kV, 100 MQ oscilloscope probe while measuring the output voltage across the
capacitive load over the course of 500 ms.
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Figure 5.7: Basic model of the bidirectional flyback with the location of the HV switch dis-
played.

However currently, as mentioned in Chapter 2, commercially available switches that meet
the necessary requirements for our application — high voltage breakdown, low current, high
speed, and compactness — are scarce to non-existent. The best switches available are in IXYS’
IXTx02N450 series [24] and are rated to hold up to 4.5kV.

Nevertheless, Wolfspeed Inc. (previously Cree) is reportedly working on the development of a
new generation of SiC MOSFETs that are supposedly capable to withstand 10 to 15kV [54][55].
However, this technology is still in early development and the first MOSFET prototypes ob-
tainable have a significantly high leakage current of about 1 mA in open state which is highly
detrimental for our application.

This problematic led to the work of Pniak [56] in which he lays the groundwork for the imple-
mentation of the Pulsed Transformer Gate Drive (PTGD) topology which allows for several
of those 4.5 kV MOSFETs to be put in series to effectively create much larger switches. In this
work he managed to create two PTGD switches with each having 4 of those MOSFETs put in
series and used them as part of a half bridge converter driving a voltage of 16 kV.
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5.3 Pulsed transformer gate drive switch

5.3.1 Working principle

The working principle of a PTGD switch is as follows. As shown in Fig. 5.8, the system consists
of four main parts: the low voltage main driving circuit (MDC), a single or multiple (one
for each HV MOSFETs) transformers, a secondary driving circuit (SDC) for each of the HV
MOSFETs, and the HV MOSFETs themselves.

Figure 5.8: Basic schematics of a two MOSFETs pulsed transformer gate drive switch with, at
the top, a transformer for each HV MOSFETs and, on the bottom, a single transformer with
multiple windings.

The main driving circuit operates at low voltage — in our case 12V — and consists of a primary
MOSEFET which is closed to instruct the HV MOSFETs to close as well by applying 12V across
the primary winding of the transformer(s). Consequently, a current linearly increases (similarly
to the flyback itself) in the MDC through the primary winding(s) and the low input voltage
is mirrored by the transformer on the secondary sides. Upon noticing the change in voltage,
each of the SDCs allow their respective HV MOSFETs to close nearly perfectly in sync.

When the primary MOSFET reopens, the flow of current in the MDC stops and the process is
essentially reversed with the auxiliary winding(s) demagnetizing the transformer(s) to increase
the speed at which the HV MOSFETSs reopen.

An important note is that it is critical to select the transformer core(s) with care by making sure
that saturation is not reached while the PTGD switch is closed to avoid any risks of damage to
the electronics. Indeed, smaller transformers can be used but reach saturation faster and thus
the PTGD switch cannot remain closed for long periods of time.
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5.3.2 The 13.5 kV switch

Taking inspiration from the work of Pniak, a 3 MOSFETs PTGD switch, of which a photography
and its schematic are shown in Fig. 5.9, was fabricated for the bidirectional flyback. The
reasoning behind the decision to create a 13.5 kV switch rather than a simpler two MOSFETs
9kV one is because the potential Vp experiences voltage variations much larger — in the order
of several kilovolts — than the output voltage across the load due to resonances in the circuit
between the various inductances and parasitic capacitances. One can find its characteristics
and components in Table 5.1

Figure 5.9: Photography and corresponding schematic of the 3 MOSFETs PTGD switch manu-
factured for the 8 kV bidirectional flyback. Highlighted are the locations of the various modules
that compose the switch. C;,, and Cy,» are the parasitic inter-winding capacitances of the
transformer and C,; and C.,, are the compensation capacitors added to help balance the
voltage across the top and middle MOSFETs respectively.

Parameter Value

High voltage diode Dy 12kV, 20 mA [HVEF12P]
High voltage MOSFETs 4.5kV, 200 mA [IXTF02N450]
PNP transistors —60V, —600 mA [2N2907A]
Driving MOSFET Mp 40V, 3.6 A [IRLML0040TRPbF]
Compensation capacitor C¢p, 33 pF
Compensation capacitor Ce¢ 150 pF (82+68 pF)
Material Vitroperm 250 F
Geometry Toroid (40x32x15 mm)
Nb of turns (all windings) 23
Inductance (all windings) 1.0mH
Inter-winding capacitance Cryy, 27.3pF
Inter-winding capacitance Cy;» ~54 pF

Table 5.1: Characteristics and components of the PTGD switch
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5.3.3 PTGD switch upgrades

However, two notable and critical differences were implemented in the switch of the flyback
compared to the ones in the work of Pniak. Namely, where he used multiple transformers
to drive the MOSFETs — one for each - the switch for the flyback was designed with only a
single transformer with multiple windings to help reduce the overall size of the device. This
modification revealed an unfortunately overlooked detail by Pniak concerning the selection of
the voltage balancing capacitors put in parallel to each MOSFETs similarly to the previously
discussed high impedance probe. Indeed, in his work he explains correctly that the inter-
winding parasitic capacitances of his transformers have a detrimental influence on the voltage
balancing between the HV MOSFETs and that one should place compensation capacitors of
identical value to the inter-winding capacitance in parallel to the middle MOSFET and of three
times this value across the top-most one to fix the issue.

However, the measurements of Fig. 5.10 realized on the flyback PTGD switch show that,
if this recommendation were to be followed to the letter, the voltage across the MOSFETs
would not be adequately distributed. Indeed, it was observed after several successive trials
that the capacitance of the compensation capacitor across the top-most MOSFET must be
approximately equal to three times the sum of both the inter-winding capacitance of the
primary winding and the (in our case) identical inter-winding capacitance of the auxiliary
demagnetizing winding. It is believed that this difference may be due to the fact that the
auxiliary winding in Pniak’s work is smaller and has fewer turns, and thus may have had a
negligible parasitic capacitance. Therefore, for our device, the capacitance of C.; had to be
increased from approximately 75 pF to 150 pF to obtain a suitable voltage balance.
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Figure 5.10: Comparison of the distribution of the voltage measured across the top, middle and
bottom MOSFETs of the PTGD switch without (left) and with (right) proper balancing. One
can clearly see on the left graph how the voltage across the top-most MOSFET is significantly
larger than across the other two.

Finally, a diode was also added in series to the switch to negate the influence of the HV
MOSFETSs” body diodes during the charge phase to make sure that all of the current only
passes through the main secondary diode thus limiting unnecessary losses and improve
performances. An additional benefit of this diode is the help it provides to stop faster the
current from flowing through the switch when it reopens.
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5.4 Discharge control strategies

As previously mentioned in Chapter 3, the working principle of the discharge phase of a
bidirectional flyback is essentially the same as that of the charge phase of a unidirectional
flyback. The capacitive load is discharged by gradually removing chunks of stored energy and
sending them back to the input power supply through the coupled inductor. To do so, the
secondary PTGD switch M; is periodically opened and closed to let a negative current I,
flow as shown Fig. 5.11.
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Figure 5.11: Ideal current and voltage waveforms during the discharge phase. By alternating
steps (D (M; closed) and 2) (M; open), the voltage across the load diminishes and the energy
it stores is sent back to the input power supply.

In order to safely operate the PTGD switch and discharge the load back through the flyback
without reaching the saturation of the coupled inductor’s core, two control strategies were
investigated. The first one makes use of a high-performance analog-to-digital converter (ADC)
to monitor the current flowing through the coupled inductor, whereas the second one is a
more passive solution in which a comparator circuit is set to trigger the reopening of the
switch as soon as the monitored current exceeds a given threshold. At the end of this section,
a comparison between the two solutions is provided where their respective pros and cons are
discussed.

The challenge comes from the fact that the time #,,, it takes for the current to reach saturation
varies greatly as it is proportional to the voltage across the load and can thus become extremely
short. This duration can be estimated using

Li+ L -
on = Wlaut (5.6)

where iy, is the peak value of the current i,,; tolerated before the saturation of the core.

To give a concrete example of how fast the secondary switch must be controlled at high
voltages, let us consider the custom made coupled inductor characterized in Chapter 3. With
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the inductance value, the geometry and the material used, one can calculate that the peak
current i, for which the core starts to saturate is of around 160mA. To avoid the risk of
crossing that threshold, let us consider a current value of 100mA. This large safety margin
was put in place because it was noticed that there was a small delay between the opening
instruction and the effective reopening of the PTGD switch as shown further below, but large
enough that the current could reach saturation if not kept in check. By using this safe threshold
value in (5.6) as well as the values of the secondary inductances L and L;;, and an output
voltage of 7kV, t,, is equal to 6.5us which is approximately what is shown in Fig. 5.12.
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Figure 5.12: Output current measured during the discharge phase with an output voltage of
7kV across the capacitive load. The current reaches 0.1 A in approximately 7 us.

Conversely, during the latter pulses when the output voltage is nearing 0V, f,, increases
significantly as shown further below. It is therefore necessary to implement a control strategy
which allows for a dynamic update of the conduction time z,,.

5.4.1 ADC-based control strategy

To do so, as mentioned earlier, the first strategy that was investigated is based around the
high-performance ADC module of Texas Instruments’ TMS320F28379D microcontroller to
measure the output current. This module is capable to operate at up to 3.5 MSPS with a 12
bits resolution and single ended inputs. The high frequency capability is necessary to make
enough measurements during the t,, time span to quickly and reliably make sure that i,
does not exceed the set security threshold of 100 mA.

Hardware implementation

To measure the current i,,; which flows through the capacitive load, a 10Q shunt resistor was
used. However, during the discharge phase, i, generates a negative voltage across the shunt
resistor which means that the resulting voltage cannot be directly fed into the ADC as only
single ended and positive inputs can be read. To overcome this, a voltage follower inverting
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operational amplifier was added to the system as shown in Fig. 5.13. To influence as little as

possible the measurement, the resistors used with the inverting OpAmp were selected to be
100 times larger than the shunt resistor.

Vabc
ADC F--e

Figure 5.13: Circuit inverting the measured signal i,,; to make it readable by the ADC of the
microcontroller. Here, Cjozq = 2.40F, Rgpyune = 10Q. Ry and R, are identical and are 1kQ
resistors. Vipunt, Viny and Vapc are measuring points to obtain the image of the current in
volts at various points in the circuit.

Software implementation

While the electronics circuit appears to be quite simple, the software is, however, more convo-

luted. Indeed, interactions between the PWM and ADC modules must be carefully managed

through the use of interrupts to make sure that the switch is reopened in a timely manner.

The algorithm that was put in place works as follows and Fig. 5.14 gives a visual representation

of the various timings of the interrupts :

1.

68

When the command to discharge the load is sent, the PWM timer linked to the PTGD
switch is enabled.

When the PWM counter passes a set compare value, the polarity of the control pin is set
to high to close the switch and an interrupt is triggered.

This interrupt enables the ADC timer which is set to a sampling frequency of 2.8 MSPS
to read the voltage coming out of the inverting operational amplifier. Each reading
triggers an interrupt during which the measured value is compared to a manually fixed
threshold value. The first 5 measurements are however ignored because of the large
initial voltage spike visible in Fig. 5.12 which is due to the closing of the switch as it
would cause a false positive to trigger the reopening of the switch.

Once the threshold value is reached or exceeded, the ADC timer is disabled and reset.
The counter of the PWM is also set back to 0 which forces the polarity of the control pin
to be set back to low, effectively telling the switch to reopen.

In the case where the output voltage has nearly reached 0V and the current cannot rise
above the threshold value due to the low amount of energy left in the load, the switch is
automatically reopened after a set amount of time. This security is absolutely necessary
to avoid the saturation of the PTGD transformer as explained earlier.
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Figure 5.14: Visual representation of the various occurrences of the interrupts for the operation
of the secondary switch during the discharge phase.

Experimental Results

By implementing the control strategy presented above, the PTGD switch of the bidirectional
flyback can be reliably operated in such a way that the amount of energy removed from the
capacitive load is controlled and, in this case, constant. This leads to a smooth and nearly
symmetrical charge and discharge cycle to a high output voltage of 7kV as shown in Fig. 5.15.

7,000
6,000
5,000

4,000

Voltage |V]

3,000
2,000

1,000

Time [ms]

Figure 5.15: Output voltage across the capacitive load. Thanks to the constant pulses of energy
during the charge and discharge phases, the voltage rises and falls nearly symmetrically.

As for the output current, Figs. 5.16 and 5.17 show an image of the actual negative current
measured at the points indicated in Fig. 5.13, that is through the 10 Q shunt resistor, the current
waveform after the inverting circuit and finally the current measured by the ADC module
during the first pulse of the discharge phase when the output voltage is at 7kV and then when
the output voltage is much lower at around 1.2kV.
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Figure 5.16: Measured voltage images of the Figure 5.17: Measured voltage images of the
output current taken when the output volt- output current made when the output voltage
age is at 7kV. Once directly across the 10Q is at 1.2kV. This figure displays an occurrence
shunt, once after the inverting circuit and of the automatic reopening of the switch after
finally the actual measured values obtained a set amount of time (here 30 ps) to protect it
with the ADC (and output through a Digital- from the saturation of the transformer.
to-Analog Converter).

The aforementioned figures show that the control strategy works well and can reliably oper-
ate the bidirectional flyback at ultra-high voltage levels. However, Fig. 5.16 reveals several
noticeable aspects that may need to be considered for future iterations.

First, at high voltage, the implemented strategy is close to the limit of what it is capable of as
the sampling frequency is near the maximum available; the duration during which it must
take measurements is extremely short; and the current during the first few microseconds is
very noisy. Consequently, if the voltage increases further and the time span shortens, the
measured current may end up being heavily dominated by noise which could in turn be falsely
interpreted by the control system to reopen the switch.

Second, as mentioned above, there is a delay of a few microseconds particularly well visible
in Fig. 5.16 between the moment the switch is ordered to reopen and the moment it actually
starts opening. This confirms the necessity for the large safety margin defined earlier.

And finally, it was observed that the PTGD switch appears to be slow at reopening as shown by
the slow fall of the current from its peak back down to 0 A. While the exact reason behind this
behavior was not yet investigated, it is believed that one of the first location for improvements
should be the secondary driving circuit with a modification of the PNP bipolar transistor
as well as a reduction of the resistor connected to its base. Ultimately, implementing these
upgrades could potentially greatly reduce the commutation losses of the switch.

In Fig. 5.17, one can see the security procedure in effect where after a set amount of time (here
30us) the switch reopens regardless if the current reached the maximal tolerated peak value.
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5.4.2 Schmitt trigger-based control strategy

A second strategy was investigated to look for possible ways to improve upon some of the
aforementioned shortcomings of the ADC-based strategy. To do without the ADC module, a
plan was devised to implement a circuit which would passively monitor the state of the current
and trigger a signal which can be interpreted by the microcontroller as soon as it exceeds a
set threshold to, once again, protect the electronics from the risk of saturation of the coupled
inductor core.

Since the maximum peak current tolerated is constant throughout the discharge phase of
the flyback, when the goal is to discharge the load as fast as possible one can turn oneself
towards comparator circuits, and more specifically the Schmitt trigger variant to conduct this
operation.

Hardware implementation

Indeed, the Schmitt trigger is a member of the comparator circuits family which can be
designed in such way that it can operate with an asymmetrical power supply (e.g. GND and
VDD = 3.3V) so that its output can be directly fed to a microcontroller. Additionally, this
topology possesses an adjustable hysteresis meaning that its output can be toggled between
its two possible states by two different input voltages as shown in Fig. 5.18. This characteristic
is very valuable to allow the system to be more resilient against noise which is advantageous
for our application as mentioned above. Indeed, noise could trigger a basic comparator
repeatedly in an unwanted manner. Whereas with the Schmitt trigger, if both threshold
voltages are sufficiently far apart its output can be more stable and reliable.

Vuut

.

Vop=p

Y
Y

A
A
4

VTL VTH Vin
Figure 5.18: Hysteresis of an inverting asymmetric Schmitt trigger circuit.

For the bidirectional flyback, an inverting asymmetric Schmitt trigger was implemented and
its circuit is shown in Fig. 5.19. However, to properly operate, an additional circuit is necessary
and consists of an OpAmp voltage adder module. This necessity stems from the varying
polarity of the output current i,,; throughout the entire operation of the flyback. Indeed,
during the charge phase the output current is defined as positive whereas, during the discharge
phase, the current is reversed. Since the Schmitt trigger is destined to be used during the
discharge phase but cannot be triggered by negative voltages if its output is to be read by an
I/0 port of a microcontroller, adding an offset voltage solves this issue and allows the Schmitt
trigger to react to negative currents as well.
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VO ut

1/0 port

Figure 5.19: Basic schematic of the Schmitt Trigger-based electronics. Since the current i,
can be positive and negative during the operation of the flyback, it is necessary to add an offset
voltage in order to stay in measuring range of the I/O port. Vi, provides the voltage image
of iouts Vada 18 Vspune with an offset, and V¢, gives the state of the trigger.

Moreover, to tune the threshold voltages, two potentiometers are used. Rpos tunes the
reference voltage V;..r which allows to laterally shift the whole hysteresis whereas Rp,;1 tunes
the threshold voltages themselves according to the following formulas:

Rip
Vrp = Vies(1— ) (5.7)
Rpotl
Rz
Vra = (Vpp — Vref)— + Vref (5.8
Rpor1

Where Ry, represents a fraction of the total value of Ry,,1, and Vpp is the power supply voltage
of the Schmitt trigger and is, in our case, equal to 3.3 V.

Ultimately, Fig. 5.20 shows an ideal representation of the evolution of the three highlighted
potentials of Fig. 5.19. For our application, the offset was set to approximately 1V which
corresponds to the maximum amplitude of the current i,,; flowing through the 10 Q shunt
resistor. This offset is set by carefully selecting the resistance value R of the resistors in the
adder module and it is, in our case, worth 1kQ so that the current drawn by the module is
minimal.

Software implementation
Regarding the software, the control algorithm is much simpler than with the ADC alternative
and works as follows:

1. The PWM timer is enabled as soon as the system is asked to start the discharge phase.
Consequently, the switch M; is closed.

2. After a short delay implemented to ignore initial voltages spikes due to the closing of the
switch, an external interrupt is enabled. This interrupt is linked to the I/O port where
the Schmitt trigger is connected to.

72



5.4 Discharge control strategies

(V14

chp

2
Vadd \
1 - -

Vshunt

_f VNN

Charge Phase Discharge Phase

Figure 5.20: Ideal waveforms of the main voltages through the Schmitt trigger-based circuit.
The threshold voltages of the comparator circuit are set in such a way that a triggering event
can only happen during the discharge phase when the voltage measured across the shunt
resistor falls below a given value.

3. Assoon as the I/0 port notices a change in polarity from Schmitt trigger, the external
interrupt is triggered. This interrupt resets the PWM timer which forces the switch to
reopen.

4. As a fail-safe security, the switch will automatically reopen after a set time interval
regardless of the state of the Schmitt trigger. This is necessary to protect the PTGD
switch against the saturation of its transformer as explained earlier.

Experimental Results

The implementation of the presented comparator topology as shown in Fig. 5.21 and cor-
responding control strategy permitted a reliable operation of the PTGD switch of the bidi-
rectional flyback during its discharge phase. An output voltage of now at least 8kV can be
manipulated as shown in Fig. 5.22.
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Figure 5.21: Photography of the circuit board Figure 5.22: Output voltage measured during
on which is located the Schmitt trigger mod- one cycle of operation of the flyback converter.
ule used to drive the PTGD switch during the The Schmitt trigger module was used to dis-
discharge phase of the bidirectional flyback. charge the load.
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Figure 5.23 presents actual measurements of the voltages analogous to their schematic repre-
sentation shown in Fig. 5.20 made when the output voltage is once at 8 kV and then when it
drops below 1 kV respectively.

On the left image, one can see that the output of the Schmitt trigger V;,,;, changes when the
image of the output current V,;, falls below 0.2 V and is toggled back when it rises above 0.6 V.

The right one shows three pulses of current which happen during the transition time where
the first pulse (on the left) still rises fast enough to trigger the comparator circuit whereas
for the two following ones the maximum conduction time of 30 us is elapsed before and thus
forces the switch to reopen. This shows that the algorithm put in place works well regardless
of the output voltage currently on the load.
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Figure 5.23: Actual measurements of the potentials mentioned in Fig. 5.20. The graph on the
left displays the waveforms when the output voltage is at its maximum of 8 kV whereas the
graph on the right shows the same waveforms but when the voltage has dropped below 1 kV.

Additionally, one can notice that, despite the noisy red and consequently blue waveforms,
there is a clear toggling of the Schmitt trigger after only 4 us of current flowing. This figure also
shows that this control strategy has the potential to be pushed a bit further to react to even
faster and shorter conduction times. The slow reopening of the PTGD switch can here also be
observed. This characteristic is essential to keep in mind when choosing the threshold voltage
so that the residual current flowing despite the closing instruction does not push the coupled

inductor to saturation.

5.4.3 Pros and cons
Naturally, both of these solutions have their own respective advantages and disadvantages.

Concerning the ADC-based solution, some of its main advantages are the size of the additional
external circuit which is arguably smaller as it requires fewer components, and the possibility
to easily control and change the threshold voltage which triggers the reopening of the switch
since it is embedded in the code itself.

However, this solution requires a very high-performance ADC module and an adequate
microcontroller which come at a larger monetary cost as well as high electrical and processing
power consumptions.
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Conversely, the Schmitt trigger-based solution is simpler in its working principle with a
passive monitoring of the system which is done with a very basic set of cheap and low power
consuming components. Additionally, this system is less sensitive to noise thanks to the
asymmetrical threshold voltages and it can react faster to the crossing of the thresholds.

Nonetheless, the comparator system does, in its current form, occupy a larger footprint than its
ADC-based counterpart. In addition to that, on-the-fly modifications of the threshold voltages
are not possible because of the fact that they are physically set with an array of resistors.

Ultimately, it was decided that the latter solution would be kept mainly due to the processing
power requirements in prevision of future modifications such as the substitution of TI’s
development board for an integrated, cheaper, and lower power consuming microcontroller.

5.5 Experimental results

With the aforementioned hardware and software upgrades added to the circuit as shown in
Fig. 5.24, the latest iteration of the bidirectional flyback converter could be put in action.
Similarly to what was done in Chapter 3, the measurements displayed hereafter were the ones
used for the estimation of the energy efficiency performed in Section 5.5.3 below.

Figure 5.24: Photography of the latest ultra-high voltage bidirectional flyback converter proto-
type. An exploded view of the converter can be found in Annex C.
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5.5.1 General measurements

With the complete system, it is now possible to not only charge a capacitive load to at least
8KkV, but also discharge it back down to 0V as shown in Fig. 5.25 in which the output and
input voltages are displayed. One can note that the input voltage actually increases during the
discharge phase. This is due to the reverse flow of energy being recovered from the load. All
measurements presented hereafter were obtained the same way as in Section 3.5.1 according
to Fig. 3.18.

Output Voltage [V]

2.5

Time [ms|

Figure 5.25: Measured output and input voltages during the discharging of a 2.4 nF capacitor
from 8 kV down to 0V in barely over 3 ms. The input voltage increases during this time because
of the influx of energy from the load.

Figure 5.26 presents two graphs of the input and output currents flowing through the flyback
over three successive pulses at both the beginning and end of the charge phase. In the first
one, the output voltage is at its maximum of 8 kV and in the second one it nearly reached 0 V.
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Figure 5.26: Measured output and input currents over the course of three successive pulses of
energy at the beginning (top) and end (bottom) of the discharge phase.

Finally, Fig. 5.27 presents the evolution of the voltages V), and Vp during the same three
pulses of energy mentioned above. In the second graph from the top, one can see that the

76



5.5 Experimental results

voltage across the secondary switch experiences large oscillations reaching at least 10kV.
These are the reasons why it is necessary to have a least a 3-MOSFETs PTGD switch when the
output voltage required is 8 kV or more.
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Figure 5.27: The first and second graphs show the waveforms of the voltage across the primary
MOSFET and the PTGD switch respectively and measured during the first 3 pulses of the
discharge phase. The third and fourth graphs are the same voltages but they show 3 of the last
pulses as the output voltage drops below 1 kV.

5.5.2 Energy calculation procedure

The procedure followed to obtained the estimation of the energy efficiency is nearly identical
to what was performed in Section 3.5.2. Namely, for a given pulse of energy, a period is
divided in distinct steps which are directly related to the states in which the semiconductor
components can be found. With a difference being that Steps @ and () are irrelevant in the
case of the discharge phase as shown in Fig. 5.28 and as discussed further below.

Regardless, the energy dissipated or stored in each component is obtained, when possible, by
integrating the product of the current flowing through and the voltage across them. Otherwise,
it is determined by calculating the difference of energy levels between the start and the end
of each step using the relevant classical energy equation for each component. One must
note that, because of the complexity of the PTGD switch and the subsequent difficulty of
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Figure 5.28: Measure of the evolution of the potential Vp, in relation to the state of the of the
semiconductor components which shows when the various steps of any given discharge pulse
happen.

differentiating precisely the influence of its various parasitic elements during each step, the
total amount of energy &prp dissipated because of its ON-resistance and the commutation
losses, as well as what ends up stored in its parasitic capacitance was determined with the first
method mentioned for a complete pulse. Nonetheless, for each relevant step the influence of
each parasitic element is discussed when it is expected to take place.

The first step of the discharge phase — Step () — starts as soon as the PTGD switch closes. Thus,
the output current starts to flow back from the capacitive load through the coupled inductor
to charge it with magnetic energy. This current flows through the winding resistance R,
dissipating an amount of energy equal to &g, = [ Ry - i2,,,d ¢ and the total ON-resistance of the
PTGD switch. In addition to that, the secondary capacitance C; captures a portion of energy
calculated with &¢, = %CS(VOM = Vp)2. During this step, the secondary leakage inductance L;;
prevents a fraction of the energy to flow back to the primary side but it is not included in the
final loss count because its energy remains in the secondary side and is later on captured by

the other parasitic elements.

During Step 2), the PTGD switch reopens. This leads to commutation losses which are
particularly high during the first pulses of the discharge phase because of the high voltage
across it but gradually decrease with the voltage manipulated. Additionally, the parasitic
capacitances of the coupled inductor’s inter-winding Cy and of the PTGD switch capture a
portion of energy following the rise of the potential V back up to the new value of V,,;. The
amount of energy stored is calculated using &¢,, = %CW(VD - VMp)z.

Step @ sees the primary current i;, flow through the primary winding resistance R, and
the body diode of the primary switch M), which dissipate an amount of energy equal to
&r, = [Rp- i dt and ERy, = J Ry, - i, dt where Ry, is here the forward resistance of the
body diode.
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Finally, as mentioned above, Steps @) and () are irrelevant during the discharge phase because
of the nonexistence of the back flow of, in this case, input current. Therefore, Step (6) comes
right after as no more current flows throughout the system. At this point, one can determine
how much energy left the load by using &¢, = %C L V(fut and looking at the difference between
the start and the end of the pulse.

Figures 5.29 and 5.30 show the evolution of the energy stored in the relevant elements of the
circuit during the first pulse of the discharge phase and the pulse during which the output
voltage drops below 1 kV respectively. The data presented in these two figures is the result of a
numerical integration applied on the measurements shown previously.
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Figure 5.29: Evolution of the energy stored or dissipated by the various elements of the flyback
during the first pulse of the discharge phase when the output voltage is at 8kV. &¢, represents
the difference of energy stored in the load between the beginning and end of the pulse, &p76p
is the total amount of energy lost due to the PTGD switch which includes its ON-resistance,
commutation losses and parasitic capacitance, and the rest is here the sum of the energy
stored or dissipated in Ry, Ry, Rs and the core losses.

5.5.3 Efficiency estimation

Figures 5.31 and 5.32 present an estimation of the distribution of where the energy originating
from the load ends up being stored or dissipated during the first pulse of the discharge phase
and during the pulse where the output voltage drops below 1kV respectively.

One of the first things to note is that the vast majority of the energy not recovered is being
dissipated and stolen by the PTGD switch. During the first pulse when the output voltage is
high, the losses are dominated by commutation losses when the switch reopens because of
said high voltage which is directly applied across it. But with the gradual fall of the output
voltage those losses are also reduced and more energy is recovered.

For similar reasons, the capacitive elements are a large source of stolen energy during the early
pulses at high voltage but they become almost negligible near the end of the discharge phase.
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Figure 5.30: Evolution of the energy stored or dissipated by the various elements of the flyback
during the pulse where the output voltage drops below 1kV. The rest is here the sum of the
energy stored or dissipated in Cs, Ry, Rs and the core losses.
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Figure 5.31: Distribution of the energy originating from the capacitive load spread throughout
the system during the first pulse of the discharge phase. The rest includes the energy stored or
dissipated in Ry, Rp,, Rs and the core losses.

Conversely, with less energy stolen by the parasitic capacitances, the influence of the resistive
elements grows because, while the energy they dissipate does not vary significantly in absolute
terms throughout the discharge phase, it becomes proportionally larger since less energy is
stolen or dissipated elsewhere.

Ultimately, over the course of the brief — only barely more than 3 ms — discharge phase, ap-
proximately 43 % of the energy initially stored in the load at the beginning of the discharge
phase is recovered.
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Figure 5.32: Distribution of the energy throughout the system during the pulse of the discharge
phase where the output voltage drops below 1kV. The rest includes the energy stored or
dissipated in Cs, Ru,, Rs and the core losses.

5.6 Conclusion

In this chapter, several aspects concerning the manipulation of the high voltages necessary to
operate dielectric elastomer actuators were investigated and integrated into the ultra-high
voltage flyback converter.

The first aspect concerned the necessity to measure the voltages which will be applied across
the capacitive loads. For this purpose, a custom high voltage, high impedance, large bandwidth
and compact probe was successfully designed and integrated into the electronics system. By
using the well-known voltage divider topology with five 2 G resistors in series, voltages of
at most £15kV — 10kV confirmed - can be measured with a bandwidth of approximately
7MHz. A comparison realized with commercially available Tektronix’s P6015A 20kV, 100 MQ
oscilloscope probe revealed extremely good performances over the course of one charge-
discharge cycle.

The second aspect is about the need for a switch capable to withstand the targeted high
voltages in order to enable the bidirectional behavior of the flyback converter to actively
discharge the capacitive loads. Indeed, because of the absence of adequate components in the
market, a custom high voltage switch had to be designed and was subsequently implemented.
The switch makes use of the Pulsed Transformer Gate Drive topology to simultaneously drive
three 4.5kV MOSFETs put in series, effectively creating a 13.5 kV switch. The critical need for a
precise voltage balancing across the three switches is also heavily focused on to make sure
that the reliability of the system is optimal.

The third aspect touches on the control aspect of the discharge process. Indeed, to safely
discharge the capacitive load without risking to damage the electronics, two strategies were
investigated. The first one made use of a high-performance ADC module to measure at high
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frequency the current flowing through the coupled inductor of the flyback to trigger the
reopening of the switch before the saturation of the core. The second is a passive solution
consisting of a Schmitt trigger module designed to automatically trigger the reopening of the
switch when the monitored current crosses a given threshold. Both solutions have respective
pros and cons but ultimately the Schmitt trigger solution was implemented.

Finally, experimental measurements were presented to show how the complete system be-
haves in various situations throughout the operation of the bidirectional flyback. It was shown
that, thanks to the implementation of the aforementioned design considerations, a capacitive
load charged at 8 kV could be safely discharged back through the flyback converter itself thus
recovering approximately 43 % of the energy initially stored at the beginning. However, it
was revealed that the PTGD switch is the source of the vast majority of the losses of energy
during any given discharge pulses. It should therefore be the focus of further research and
development to improve the overall performances of the system.
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Bidirectional flyback converter with
dielectric elastomer actuators

6.1 Introduction

In this chapter, the bidirectional flyback is used to supply the voltages to and recover the
energy from tubular dielectric elastomer actuators which are put in increasingly difficult
conditions. Thanks to that, the challenges and behaviors originating from this type of load are
studied and discussed in detail.

The first study consists of tubular DEAs simply connected to and powered by the flyback
converter to investigate their behavior when faced with the impulsive nature of the currents
supplied. Indeed, the access resistances of the electrodes play a major role in limiting the
increase of the output voltage but also in generating very large voltage spikes across the load
which increase the risks of damages to both the load itself and the electronics.

With the voltage spikes issue under control, a typical DEA tube was then sequentially put
through increasingly demanding environments. At first, the actuator was initially powered
as-is by the electronics to establish the basis for comparison. Then the same tube was put
under an increasing amount of static pressure to give a first idea of the tube’s behavior in
conditions which resemble what can be found in a living body through the help of a water
column system.

And finally, this tube was implemented into a flow-loop system which is a test bench designed
not only to recreate the pressures varying over time found in the body but also to generate and
control a flow a water analogous to the bloodstream in the body.

6.2 Large and variable access resistance capacitive loads

One of the main characteristics of DEAs which makes operating them with a flyback par-
ticularly challenging is the resistance of their electrodes. Indeed, due to the way DEAs are
manufactured, the resistance of each electrode can range from several tens of kiloohms to
hundreds of megaohms depending on their carbon composition and geometry (thickness,
surface, etc.). As a reminder, Fig. 6.1 displays the electrical model of a DEA with two resistors
R, representing the electrodes in series with a capacitor.
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Chapter 6. Bidirectional flyback converter with dielectric elastomer actuators

Figure 6.1: Basic electrical model of a Dielectric Elastomer Actuator where R, is the resistance
of the electrodes.

Naturally, it is very advantageous to have the smallest access resistances possible for two main
reasons. First, the overall efficiency of the system will be severely impacted the larger these
resistances are because of the Joule losses limiting how high the output voltage can reach
across a DEA. But more importantly, the impulsive nature of the current supplied to the load
has the unfortunate side-effect of generating very large voltage spikes at the output of the
flyback across the load which would occasionally lead to voltage breakdowns through the DEA.
Figure 6.2 presents a series of measurements obtained on a planar DEA directly connected to
the flyback converter which show the behavior of the output voltage in relation to the output
current for various amounts of energy stored in the coupled inductor. The energy is directly
linked to the duration during which the input current is left flowing to charge the coupled
inductor.
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Figure 6.2: Measurements showing the voltage spikes (right) due to the impulsive output
current (middle) for various amounts of energy stored in the coupled inductor. The energy is
linked to the amount of time during which the input current (left) is allowed to flow to charge
said coupled inductor.

Due to the physical nature and large resistance of the electrodes, when the energy is released
from the coupled inductor the DEA briefly appears like an open circuit. The precise reason
behind this behavior is not yet fully understood but it is believed that it may be due to the
electric charges needing a non-negligible amount of time to move and evenly spread all over
the electrodes.
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6.2 Large and variable access resistance capacitive loads

Consequently, during this time, the charges can accumulate in the secondary parasitic capaci-
tance of the coupled inductor as well as at local entry points of the electrodes. This, in turn,
makes it so that the voltage can easily exceed the threshold tolerated by the dielectric material
thus leading to a local breakdown.

To overcome this issue, an approach considered was to investigate if some steps of the manu-
facturing process could be changed to reduce these resistances. However, the options available
were very limited. Indeed, modifying the geometry of the electrodes was not ideal because
changing their surface would influence the active zone of a DEA tube and thus its volume
variation, and therefore the amount of energy it could provide to the circulatory system. As for
increasing their thickness, this would increase the overall rigidity of the actuator which would
reduce its ability to deform itself. A modification of the recipe of the carbon ink to increase the
carbon content was also out of bounds because of the potential stiffening of the DEA.

The remaining option ended up being making modifications to the silver access lines guiding
the current from the converter to the carbon electrodes such that, rather than simply going
across each electrode, an additional perpendicular line was added all along the electrodes to
form T-shaped access lines as depicted in Fig. 6.3.

Silver access lines

Electrodes

Figure 6.3: On the left, the original placement of the silver line and, on the right, the T-shaped
silver access lines.

The idea was that it would help lower the resistance by giving additional entry points for the
charges to enter into the electrodes, thus reducing the chance of local breakdowns. However,
experiments showed that the resistance was not sufficiently reduced to have enough of an
impact on the voltage spikes as shown in Fig. 6.4 and that new parasitic elements were added,
amplifying unwanted oscillations.
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Figure 6.4: Comparison of the effect of the modification of the silver access lines on the output
voltage spikes measured on two different DEA tubes. With T-shaped silver lines, the resistance
is reduced but not enough to completely negate the voltage spikes experienced by a DEA tube.

Ultimately, a solution coming from the electronics was necessary but was revealed to be
extremely simple. By adding a capacitor at the output of the flyback in parallel to the DEA load,
it was observed that the bulk of the charges would be first absorbed by the capacitor effectively
dampening the spike of current and thus leaving more time for the charges to spread around
the electrodes. Figure 6.5 presents measurements of the voltage across and current flowing
through a DEA tube connected to the flyback once without any parallel capacitor and once
with a 2.4 nF capacitor. One can clearly see that the current and corresponding voltage spikes
are drastically reduced after integrating the aforementioned capacitor.

Additionally, one can notice that, despite the fact that adding a capacitor in parallel to the
DEA will reduce the ability of the flyback to reach high voltages (as discussed in Chapter 3),
the benefits brought by it far outweigh this disadvantage because fewer Joule losses happen
through the resistance of the electrodes thanks to the reduced current amplitude.
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Figure 6.5: Measured voltage across (left) and current flowing through (right) a DEA tube
connected to the flyback converter. Once without and once with a 2.4 nF capacitor placed in
parallel to the DEA.
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6.2 Large and variable access resistance capacitive loads

Naturally, a balance must be found regarding the capacitance of this parallel capacitor between
the damping of the current spikes and the overall ability of the flyback to supply high voltages.
Indeed, it was determined thanks to simulations done in LTSpice with the model in Fig. 6.6
that actually a smaller capacitance of around 1 nF than the 2.4 nF previously tested offered the
best compromise with reasonable voltage spikes and a larger final output voltage. Figure 6.7
shows the results of three simulation runs during each of which a different capacitance value

was tested: 2.4 nF, 1 nF and 0.1 nF.

.param Lms = 420.95m .param Nr = 30
.param LlIs = 34.65m
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Figure 6.6: Model implemented in LTSpice to simulate the influence of various capacitance
values put in parallel to a DEA to dampen current and their respective voltage spikes. Here,
the capacitor C9 is consecutively worth 2.4 nF, 1 nF and 0.1 nF.
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Figure 6.7: Output voltages resulting from the three consecutive simulation runs of the flyback
connected to a DEA with capacitor C9 having a different value during each run.

These results were subsequently confirmed through actual measurements obtained with the
flyback while it powered a DEA tube. Indeed, Fig. 6.8 displays two measurements for which
two capacitance values — 1 nF and 2.4 nF — were used. One can see the same behavior as
expected from the simulations which is that the DEA tube with the smaller capacitance of
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1 nF experienced slightly larger voltage spikes but still performed better with a higher output
voltage reached. In the end, the 1 nF capacitor was kept for the experiments of the following

sections.
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Figure 6.8: Measurements obtained with the flyback showing the effects of the capacitance
value of the additional capacitor put in parallel to a DEA tube. A smaller capacitance means
larger voltage spikes as shown on the left but also potential voltage gains due to the smaller
capacitance as shown on the right.

One note, however, is that this capacitance value may not necessarily be the optimal value for
every DEA and may have to be redetermined if the capacitance and resistances of a given DEA
are significantly different to the values used here which correspond to those of the actuator

used hereafter.

6.3 Pressurized DEA tubes

With the impulsive nature of the flyback and corresponding voltage spikes under control, DEA
tubes such as the one of Fig. 6.9 could now be reliably and safely powered to voltage levels
high enough for them to significantly deform and thus be put into increasingly more realistic
situations. The first series of measurements were done with the water column setup shown
in Fig. 6.10. The testing setup works as follows: a DEA tube laying horizontally to maintain
a uniform pressure inside as much as possible is connected at the bottom of a structure on
which a Plexiglas tube is located. This latter tube with an inner diameter of 18.5 mm is then
filled with water to various heights to produce various pressures. The characteristics of the
DEA tube used can be found in Table 6.1.

Tube inner diameter 30 mm

Capacitance ~4.6nF

Electrode resistance ~20kQ

2T Electrode surface 190 x 49 mm
Dielectric thickness 100 pm

Dielectric material Elastosil 2030

£ Dielectric strength 100 V/pm

e Active layers 4

Figure 6.9: Photography of the DEA tubeused = Table 6.1: Characteristics of the DEA used to
in the pressure experiments. obtain the measurements hereafter.
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6.3 Pressurized DEA tubes

The purpose of this test system is to put DEA tubes under various levels of pressure ranging
from 70 to 100 mmHg which are pressures they are expected to experience, for the moment, in
the body of a pig. The interest behind this experiment is that it allows to study how DEAs and
the electronics behave when put under constant pressures. This gives an initial idea of how
much the voltage across the DEA will vary over the span of the aforementioned pressure range
and thus can give valuable information e.g. for voltage control purposes in future iterations of
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Figure 6.10: Setup for the water column experiment. On the left image are displayed the
bidirectional flyback connected to a DEA tube. The latter is plugged to a water column
system which allows to simulate inside the tube pressures which are expected to be found in a
living body. The right image shows some of the labels indicating the equivalent water height
necessary to apply a pressure given in millimeter of mercury with a water column 18.5 mm in
diameter.

the electronics.

A
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Indeed, this added pressure already deforms the DEA tube connected even before it is powered.
As such, some of its electrical characteristics are affected but most notably its capacitance.
The radial expansion of the tube due to the pressure means that the surface of the electrodes
increases but also that the thickness of the DEA diminishes. It is therefore expected for the
capacitance to increase with the pressure applied and thus that, for an equal amount of energy
stored in the load, the output voltage reached across the load will be reduced as the pressure
increases. Figure 6.11 shows the voltage measured across the same DEA tube under various
pressures when the same amount of energy is supplied each time.

The results from this experiment confirm the previously discussed expectations that the
capacitance varies with the pressure. Moreover, they also tell us that we can expect the voltage
to vary by at least approximately 6 % from 4.6 kV to 4.3 kV if the pressure were to change from
70 mmHg to 100 mmHg during a single cycle. Additionally, one can notice that the voltage
continues to decrease slightly during the resting phase at high voltage. This is due to the
inertia of the water moved as the diameter of the tube increases.
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Figure 6.11: Measured output voltage across a DEA tube under pressures ranging from 70 to
100 mmHg compared to the voltage when the tube is empty with a constant input of energy.
The voltage clearly drops as the pressure increases in the tube because of the radial expansion
of the tube which increases the actuator’s capacitance.

Finally, these measurements also reveal that, from a electronics control perspective, it will
be necessary to finely tune the charge phase by increasing the amount of energy pulses as
well as the frequency to make sure that the output targeted is reached within the allotted time
span regardless of the pressure currently in the tube. This will be necessary to maximize the
deformation of the tube and thus the amount of energy that the device can provide to the
bloodstream.

6.4 DEA tubes under dynamic pressure

The next step to confirm that the electronics is capable to reliably power DEA tubes in the
most challenging conditions is to put a DEA tube under dynamic pressure. Indeed, as men-
tioned earlier, the pressure measured in the aorta (the aortic pressure) right after the heart
continuously varies depending on the phase of the heartbeat as shown in Fig. 6.12. One must
note that the pressures indicated in this diagram correspond to those of a human body which
are slightly higher than those mentioned throughout this chapter because the first targeted
recipients of DEA tubes are pigs.

Since the DEA tube is destined to be located around the aorta right after the heart and because
repeatedly testing in situ is not a realistic option, a test bench was designed to recreate the
varying pressures and blood flow found in a human or pig’s body by using water. Figure 6.13
presents a photography of the so-called flow-loop which was used to obtain the measurements
presented hereafter.
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Figure 6.12: Wiggers diagram [57] of a typical human cardiac cycle but analogous to the a pig’s
one. During the systole phase the heart contracts to eject the blood stored in the ventricles
into the circulatory system. At that moment the aortic valve opens and the pressure increases
in the aorta. It is then followed by the diastole phase during which the heart relaxes which
allows new blood to fill back up the ventricles and the aortic pressure slowly decreases .

This setup is composed of four main parts : the flow pump which generates the blood/water
flow by moving a piston back-and-forth at a fixed frequency close to that of a heart (60 to
100 bpm); the left ventricle and atrium chamber in which the ventricular pressure is recreated
thanks to valves limiting the flow of water and the pump pushing the water; the compliant
chamber and flow resistor which are designed to simulate the behavior of the rest of a body’s
circulatory system; and finally, the DEA tube powered by the flyback converter located between
the two pressure chambers where the aorta would be found to help push the water further
down the system when synced with the beating of the heart/flow pump.

Figure 6.14 displays a simplified schematic of the system as seen from above to show more
precisely the location of the various chambers and of the sensors used. Two pressure sensors
were installed to measure the aortic and the ventricle pressure in their respective chambers,
and a laser was setup to measure the deformation experienced by the DEA tube throughout
the experiment. Additionally, the front view of the left ventricle and atrium chamber is also
shown to indicate the location of both the aortic and mitral valves.

For this experiment, the pulsation generated by the flow pump was set to 100 bpm and the
compliant chamber and flow resistor were adjusted so that during each cardiac cycle the
pressure would constantly vary between 70 to 100 mmHg. Then, while the system was in
motion, the DEA tube was powered and synchronized with the "heart" beats for 5 cycles
after which the flow-loop continued to operate normally. The powering of the DEA was then
repeated several times with different voltages to investigate the influence of this parameter on
the system. Figure 6.15 shows the measurements obtained with the smallest (2.5kV) as well as
the largest (4.2 kV) voltages tested.
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Figure 6.13: Setup for the flow-loop experiment. A tube powered by the bidirectional flyback
is located between two chambers filled with water. The left ventricle and atrium chamber
coupled with the flow pump are used to simulate the behavior of the left side of the heart. The
compliant chamber and the flow resistor (see Fig. 6.14) recreate the pressure conditions in the
rest of the circulatory system.
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Figure 6.14: Schematic representation of the flow-loop test bench as seen from the top and
from the front. The location of the various sensors used to obtain the measurements presented
in this section is shown. The laser is used to measure the deformation of the DEA tube, the
aortic pressure sensor measures the pressure in the compliant chamber, and the ventricle
pressure sensor measures the pressure in the left ventricle chamber.
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Figure 6.15: Measurements obtained on the flow-loop test bench. Two sets of measurements
are displayed which correspond to two values of voltage applied to the DEA tube during
operation. At 2.5kV the tube does not deform itself sufficiently to have an impact on the
aortic pressure as opposed to a voltage of 4.2 kV. At the latter voltage, the diameter of the tube
increases by about 5 mm and thus the aortic pressure drops from 100.5/70.3 mmHg down to
99.3/68.6 mmHg.
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The maximum voltage was kept low during this experiment to protect the tube from risks of
voltage breakdown and the flow-loop system from potential short-circuits through the water.
Nevertheless, the final goal is to supply at least 6 kV which the electronics is without a doubt
capable of doing. The tube used is the same as in the water column experiment.

One can notice that, in the case of the lower voltage, almost no difference is perceptible
between before and during the activation. This is expected because this voltage level remains
too low to significantly deform the actuator. Whereas in the second set of measurements,
the diameter of the tube increases by 5 more millimeters (approximately a 16 % increase of
diameter) compared to when it is not powered. Consequently, this leads to a notable reduction
of the aortic pressure range from 100.5/70.3 mmHg down to 99.3/68.6 mmHg or approximately
a 2.2 % decrease. Considering that the voltage supplied is far from the 6 kV to even potentially
8 kV which such a tube can withstand, one can reasonably expect a much more significant
reduction of pressure in the future.

Finally, when looking at the influence of the pressure on the voltage across the load into more
details e.g. in the 4.2kV case, one can notice that, compared to the results obtained in the
water column experiment presented in Fig 6.11, the voltage variation is larger — dropping as
low as 3.8 kV — despite working in the same pressure range of 70 to 100 mmHg. Indeed, the
measurements shown in Fig. 6.16 reveal that there seems to be a significant influence of the
dynamic pressure change on the voltage. This means that the pressure alone is not the only
factor influencing the output voltage but it also appears that the speed at which this pressure
varies may also be important and thus could warrant further investigation.
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Figure 6.16: It was shown in Fig. 6.11 that with an increasing but constant pressure, the voltage
across a DEA tube is dropping. However, the flow-loop experiments revealed that the dynamic
pressure change also has a significant influence as shown here by the inverse relationship
between the pressure change and the output voltage.

One can also observe that when the tube is brought back to its original shape as the voltage
drops back down to 0V, the pressure oscillations are damped. It would be interesting to
investigate this behavior further to see if some of the pressure variations could be damped e.g.
by adapting the voltage when the pressure increases with a dynamic control of the voltage.
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6.5 Conclusion

In this chapter, the experiments were realized thanks to the bidirectional flyback actively
charging DEAs in various shapes and forms, but also recovering some of the electrical energy
stored in them at the end of their actuation cycle. These experiments thus show that the
bidirectional flyback is capable to supply the voltage levels required. But most importantly,
that DEA tubes destined to be used as part of the body circulatory system were reliably powered
while said tubes were put in increasingly challenging environments.

The first series of experiments were centered around the need to make sure that DEAs could be
reliably and safely operated with the flyback. Indeed, DEAs experience extremely large voltage
spikes across their electrodes because of the impulsive nature of the current supplied by the
flyback converter and because of their large access resistances. In the end, after numerous
attempts at modifying the tube themselves, a simple yet ingenious solution consisting of
adding a capacitor in parallel to the DEA to absorb the bulk of the current pulse was put in
place. This allowed to significantly reduce those voltage spikes which in turn resulted not only
in reduced risks of voltage breakdowns but also in improved performances with larger output
voltages reached despite the additional capacitance added.

The second series of experiments consisted of studying the behavior of the flyback con-
verter when powering DEA tubes put under constant but increasing amounts of pressure.
Indeed, because the pressure within the bloodstream of a pig varies significantly between 70
to 100 mmHg depending on the state of the heart, it was necessary to investigate if and how
the pressurization of a DEA tube would influence the behavior of the electronics. This was
achieved by using a water column filled to various heights to apply pressure to a DEA con-
nected at its bottom. It was showed that increasing the pressure was modifying the physical
properties of the DEA tube and therefore its electrical ones as well. Namely the capacitance
which increased with the pressure and thus reduced the output voltage measured across the
actuator from 5 kV without pressure down to 4.3 kV with 100 mmHg when a constant amount
of energy was supplied.

Finally, the bidirectional flyback was set to power a DEA tube implemented into a flow-
loop system to investigate how dynamic variations of the pressure within a DEA tube would
influence the electronics system. The flow-loop consists of a series of chambers filled with
water pushed around by a piston pumping at a constant frequency similar to that of a heart.
Thanks to a series of valves this complete system recreates the pressure conditions and blood
flow found in a body. Through this experiment it was confirmed that the pressure was a
significant factor influencing the voltage found across the actuator. But in addition to that it
was observed that the speed at which the pressure varies may be an additional factor worth
further investigation. It was also noticed that as the voltage fell back down to 0V and the
actuator came back to its original shape, the pressure oscillations in the circulatory system
were damped. As such, it was suggested that a dynamic control of the voltage should be
implemented not only to compensate for the voltage variations but also to try to dampen
unwanted pressure oscillation.
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7d Conclusion, contributions & outlook

7.1 Conclusion

The research undertaken in this thesis is centered around the technology of dielectric elas-
tomer actuators but done from an electronics point of view. Indeed, DEAs belong to an
emerging and promising technology which is capable to mimic some of the behaviors of
natural muscles and as such they are of very high interest for medical applications such as in
the form of the heart assisting device being designed in EPFLs Center for Artificial Muscles.

In the first part of the investigation for the state of the art, a description of DEAs is proposed
to present in detail the challenges and needs this technology imposes upon the electronics.
Namely that extremely high voltages ranging between 5 kV to 20kV are necessary to operate
such actuators to the maximum of their abilities, and that, due to their layered physical
structure and thus capacitive nature, a large amount of electrical energy can end up stored in
the actuators themselves. Energy which must be removed to complete an actuation cycle of a
DEA. With common practices consisting of simply dissipating this energy through resistive
elements in the form of heat which is problematic for applications destined to operate inside
a living body, a new strategy was required to improve the efficiency of such a system. As
such, the second part of the state of the art focuses on voltage amplifying power electronics
topologies with the goal to determine which is the most suitable to face the aforementioned
challenges. Ultimately, the DC/DC flyback converter was selected.

Following this selection process, the working principle of the flyback topology is studied in
great details to uncover which factors are limiting its ability to supply the several thousands of
volts necessary. It was concluded that the main culprits are the parasitic capacitive elements
found mainly in the coupled inductor — the centerpiece of the topology — but also in some
secondary components such as diodes and MOSFETs. Thus, several strategies and manu-
facturing techniques aiming at reducing these elements as much as possible are carefully
investigated and listed. Strategies to choose the most adequate core to maximize the energy it
stores while minimizing its size, and techniques to carefully select and implement the winding
topology which minimizes the parasitic capacitances. These strategies are in the end put in
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place and their influence analyzed through an energy efficiency estimation which reveals
that approximately 60 % of the energy input into the flyback was transferred to the capacitive
load with the latter being charged at 8 kV in less than 9 ms. This result also shows that there is
room left for further improvements such as the need to find the optimal balance between the
leakage inductance and the parasitic capacitance as they are inversely proportional and the
former reduces the overall efficiency of the system.

With an effort to lay the groundwork to find this balance between the two latter parameters,
an analytical model depicting the flyback converter during its charge phase - the phase during
which the voltage increases across a capacitive load — is developed. Thanks to this early model,
it is now not only possible to confirm that the parasitic capacitances are the main limiting
factor for the voltage amplification with the flyback but also show how influential each distinct
capacitance is in the complete system. Moreover, an estimation of the maximum theoretical
output voltage reachable by the manufactured flyback is realized and thus, it was calculated
that one could not expect the converter to supply more than 12kV in its current form.

To meet the second requirement imposed by DEAs to recover the electrical energy stored
in them at the end of an actuation cycle, the flyback was modified to work bidirectionally.
Indeed, by integrating a switch on the secondary, high voltage side of the flyback it is now
possible to send this stored energy back to the power source. However, due to the voltage
levels to manipulate, no conventional and commercially available solutions currently exist. As
such, through the implementation of the pulsed transformer gate drive topology, an ultra-high
voltage switch could be created by placing three high voltage (4.5 kV) MOSFETs in series to
one another. Additionally, two control strategies to drive this switch are investigated in order
to safely and reliably discharge the load through the flyback. The first makes use of a high
performance ADC module to monitor the currents flowing through the load and the second
is based on the Schmitt-trigger topology. In the end, an efficiency analysis is also performed
on the discharge phase of the load. This reveals that, on average, approximately 43 % of the
energy could be recovered from the load in the power source. This low result is mostly due
to the HV switch which is the source of a large amount of losses and thus should be the first
component of the circuit to be worked on to further improve the efficiency of the system.

Ultimately, the complete ultra-high voltage bidirectional flyback converter is tasked to drive
a tubular DEA pump put in various and increasingly challenging environments to confirm
its ability to meet the requirements imposed by dielectric elastomer actuators. At first, DEAs
are directly connected to the converter to study the influence such a load could have on the
electronics. Indeed, due to the way they are manufactured, the electrodes have extremely large
resistances which generate equally large voltage spikes when the impulsive current supplied
by the current flows through them. After solving the issues this process revealed, a DEA tube
is put under various constant amounts of pressure — from 70 mmHg to 100 mmHg — to give
a first idea of how such an actuator would behave when faced with the pressure levels that
it is bound to face inside a living body. Finally, this same tube is placed in a test bench — a
flow-loop system — designed to recreate the dynamic variations of pressure found in the aorta
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close to the heart by pumping water with an external piston through chambers separated by
valves as is the case with a heart.

From this last experiment it is shown that not only the designed bidirectional flyback converter
is capable to operate DEA tubes in as real-like conditions as possible, but also that the DEA
tube is indeed capable to reduce the pressure inside the aorta as the CAM hoped. Indeed, an
approximately 2.2 % decrease is achieved with voltages currently well below the breakdown
limit (for the safety of the equipment) of the actuator.

7.2 Contributions

The main scientific contributions as they are described throughout this thesis can be summa-
rized as follow :

Detailed study and modeling of the working principle of the flyback

The deep dive into the working principle of the flyback converter was a process not yet
undertaken with a high voltage generation mindset in mind. Indeed, this revealed itself
to be critical for the proper understanding of the limitations of the topology regarding the
generation of high voltages.

Critical design consideration for the generation of high voltages

Thanks to this understanding of the working principle, design considerations could be listed
which, when implemented, will have the effect of allowing the flyback converter to supply
voltages to capacitive loads significantly higher than previously achieved with this topology.

Development of an analytical model of the charge phase

The development of the analytical model describing the charge phase of the actuation cycle of
a DEA opens to the door to optimization processes to take place so that the efficiency of the
system can be further improved and its overall physical size subsequently reduced.

Enabling of efficient controlled discharge of DEAs

As mentioned earlier, the most common way to discharge DEAs was done by dissipating the
energy they store through resistive elements. Thanks to the implementation of a HV switch, the
bidirectional nature of the flyback was enabled and allowed to work at much higher voltages
than previously done. Thus, DEAs can now be controlled much more efficiently which is
critical for portable and in-body medical applications.
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Compact voltage amplifying electronics

Despite the large size of some of the components used in the bidirectional flyback converter,
the sum of all the previous contributions results in an extremely compact and portable elec-
tronics considering the voltages it is capable to supply compared to what was previously
available both in the market and in previous research works.

7.3 Outlook

While it is the dream of every Ph.D. student to be able to explore every nooks and crannies of
one’s thesis subject, it is unfortunately impossible to do so within a reasonable time span. As
such, many new doors opened themselves during this thesis through which it was not possible
to go to discover what laid behind. Thus, below are some of the research aspects which would
be worth investigating further.

Coupled inductor miniaturization and optimization

Concerning the miniaturization, one must note that the custom made coupled inductor that
was used in the last iteration of the electronics was designed to be capable to meet the needs
of many different DEA tubes with ever-changing characteristics because of the continuous
development undertaken to improve their performances. However, as soon as a final design
will be selected, it should be possible to determine more precisely the actuator’s energy and
voltage needs and, thus, a dedicated and smaller coupled inductor could be designed and
manufactured.

Nevertheless, the reduction of the parasitic capacitances of the coupled inductor will remain a
critical design aspect which will also require further optimization. Indeed, it was noticed that
the reduction of capacitance is achieved to the detriment of the leakage inductance. Despite
the fact that this does not hider the flyback’s ability to supply high voltages, it significantly
influences the efficiency of the system. Therefore, a detailed optimization of the inductor
would be greatly valuable as it would not only allow to have fewer losses but also could help
further reduce the physical size of this component. An option to consider to achieve this would
be to implement topology optimization principles to design a winding topology as dense as
possible which would both minimize the leakage inductances and the parasitic capacitances.

Improved analytical models

The model presented here only touches upon the charge phase of the actuation cycle of a DEA.
It would thus be incredibly interesting to develop a similar model for the discharge phase as it
could help locate potentially overlooked sources of losses during this time in order to improve
the discharge efficiency. Additionally, integrating more complex DEA models could reveal and
explain less well understood behaviors such as the interaction of the large and variable access
resistances with the current and the rest of the flyback.
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Development of a compact ultra-high voltage switch

This part of the electronics presented in this thesis is the one with the most potential for
improvements and miniaturization. Indeed, while the PTGD topology used to drive three
4.5kV MOSFETs in series works well, the volume it takes is probably its main downside.
Therefore, two leads could be worth investigating.

The first would be to try to optimize the PTGD switch by reducing the size of its components.
Namely, its transformer and the control electronics of the MOSFETs. Doing so would mean
that the transformer would reach saturation faster but this could easily be taken into account
in the control software to prevent the switch to remain closed for too long (as is already done).
The consequence of this would just be more discharge pulses but, as it was shown, they
can be quite fast. Changing the MOSFETs themselves might be difficult simply because of
their package size. Indeed, working with smaller MOSFETs would mean more MOSFETs to
put in series since their respective voltage breakdown would be lower as well. Other than
increased risks of voltage imbalance across them, because of the available packages the total
PCB footprint would probably remain as large as the current system.

To other much more technical and difficult but equally interesting solution oriented towards
the field of micro and nanotechnologies would be to work on the development of SiC MOSFETs
similar to those mentioned in Chapter 5. Indeed, it appears that they can be made to withstand
tens of kilovolts in reasonably sized packages which would be a complete game changer. These
new MOSFETs would however need to have very low leakage currents and be very fast at closing
and opening.

Control for DEA applications

An aspect of the electronics only briefly touched upon in this thesis was its voltage control
strategy. It was here quite rudimentary with pulses of energy sent at a fixed frequency during
the charge phase. The implementation of a solution to dynamically adapt the period of
these pulses could enable a significantly finer control of the voltage increase across the load.
Additionally, the feedback about the output voltage offered by the HV probe designed in this
work could be used to drive the voltage during the resting phase to counteract the dynamic
pressure variations — and thus voltage variations — experienced by DEA tubes in a body.

Finally, other works in the literature showed that DEAs have self-sensing capabilities and as
such it could be interesting to investigate this possibility to enable a dynamic synchronization
of the electronics with the beating of the heart by sensing when the pressure in the DEA pump
increases following the contraction of the heart to react accordingly.
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Powering via wireless power transfer

Finally, the next step to complete the system destined to be implemented in a living body
consists of making sure that the flyback converter can be powered via inductive wireless power
transfer. Initial investigations and tests done within the CAM showed that it should not be a
problem but this remains to be done appropriately.
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i\ Bill of materials

The complete ultra-high voltage bidirectional flyback converter is composed of 4 different
printed circuit board to make it as compact as possible. All of the boards have received
nicknames related to their respective roles within the converter system: the Flyback board
which contains the core elements of the flyback such as the coupled inductor, primary switch,
etc.; the Control board which includes the MOSFET drivers, the Schmitt trigger module,etc.;
the HV divider board which consists of the high voltage probe discussed in Section 5.2.1; and
finally, the HV switch board which is the PTGD switch described in Section 5.3.

The following tables list the components used on each of these boards.

Designator Type Footprint Parameter Description Quantity
\%\th)' VD, Vin_Lp, Test Point Header 1x1 Male 2.54mm, 1-pin header 4
C1 Capacitor 6050 22 uF MLCC 1
C2 Capacitor SVP F12 330 puF ALU 1
C3 Capacitor 5-12.6 1000 puF Electrolytic 1
C4 Capacitor 0805 0.1pF Standard 1
D1 Diode HVEF12P 12kV, 20 mA HVEF12P 1
H1 Connector Header 8x1 Male 2.54mm, 8-pin header 1
H2 Connector Header 6x1 Male 2.54mm, 6-pin header 1
H3 Connector Header2x1 Male 2.54mm, 2-pin header 1
P1, P2, P3 Connector Custom Female 4 mm banana socket 3
P4, P5 Connector PB 1101 Female 2mm Test Jack 2
650V, 80mQ
Q1 N-MOSFET  TO-220FP SiC FET UJ3C065080T3S 1
R1 Resistor 0805 10Q 0.1% 1
Coupled Custom made by
T1 Inductor Custom See Table 3.6 Rotima AG 1
Ul Current €Q-3201 Sensing range SMD coreless Hall 1
Sensor +10.1A sensor

Table A.1: Bill of material of the Flyback board
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Designator Type Footprint Parameter Description Quantity
1000:1, 5000:1,

Vadd OUT, Vcmp,

Vemp IN, Vdiy,

Vin2, Vin-, Vin+,

Vout cmp, Vshunt, TestPoint Header 1x1 Male 2.54mm, 1-pin header 19
Vref cmp, VgsMp,
VgsMs, VMp,
Ip 3.3V, Ip 5V,
Mp ctrl, Ms ctrl
Cl Capacitor 0805 1.2 uF Standard 1
C2 Capacitor 0805 4.7uF Standard 1
C3 Capacitor 0805 1uF Standard 1
H1 Connector Header8xl Female 2.54mm, 8-pin header 1
H2 Connector Header6x1 Female 2.54mm, 6-pin header 1
H3 Connector Header2xl Male 2.54mm, 2-pin header 1
H4 Connector Header4x2 Male 2.54mm, 4x2-pin header 1
LPXL Pin Layout Custom External Board  Launchpad XL 28379D 1
P1, P2 Connector PB 1101 Female 2mm Test Jack 2
P3, P4 Connector Custom Female 4 mm banana socket 2
R1, R4 Resistor 0805 3.3kQ Standard 2
R2, R3 Resistor 0805 1kQ Standard 2
R5, R6 Resistor 0805 220 Standard 2
R7 Resistor 0805 4.7kQ Standard 1
R8 Resistor 0805 1.2kQ Standard 1
R9 Resistor 0805 1kQ Standard 1
Ul Driver SOIC8 Dual low-side IX4427NTR 1
U2 Comparator SOT-23-5 ngh spef’:d, TLV3201 1
Rail-to-rail
U3 OpAmp SOIC8 Low noise AD8652 1
VRI, VR2 variable = grsew sk STSETWS502 2
Resistors

Table A.2: Bill of material of the Control board

Designator Type Footprint Parameter Description Quantity
1000:1, Vout Test Point Header 1x1 Male 2.54mm, 1-pin header 2
Cl1, C2, C3, C4,C5 Capacitor CC45 22 pF, 6kV CC45SL3JD220JYGNA 5
Cé Capacitor 0805 820 pF Standard 1
Cc7 Capacitor 0805 3.3nF Standard 1
C8 Capacitor 0805 1uE Standard 1
H1 Connector Header 6x1 Female 2.54mm, 6-pin header 1
R1, R2, R3, R4, R5 Resistor 2512 5GQ, 10kV UHVB2512FCD2G00CT 5
R6 Resistor 0805 10 MQ Standard 1
Low noise,
Ul OpAmp RD-8-1 Wide bandwidth ADA4625-1 1
DC/DC . Input 12V,
vz Converter 12.8-pin Oftput +15V 1212155 !

Table A.3: Bill of material of the HV divider board
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Designator Type
Top+, Top-, Mid+,

Mid-, Bot+, Bot-,

Demag+, Demag-, Test Point
GND, VD, VMtop,

VMmid, VMbot

C1,C2,C3 Capacitor
C4 Capacitor
D1 Diode

D2, D6, D9 Diode

D3, D5, D7, D8, D10, .

D11 Diode

D4 Diode

H1 Connector
P1 Connector
Q1,Q2,Q3 Transistor
R1, R4, R7 Resistor
R2, R5, R8 Resistor
R3, R6, R9 Resistor
U1, 02,03 N-MOSFET
U4 N-MOSFET

Footprint

Header 1x1

CC45
2.5-6
HVEF12P
DO-35

DO-35

DO-201AD

Header 8x1
Custom
TO-18

0805

0805
AXIAL-0.4
ISOPLUS i4-
Pak

TO-220FP

Parameter

Male

Variable, 6 kV
100 uF

12kV, 20mA
General purpose

Zener diode

High surge cur-
rent

Female

Female

PNP Transistor
10Q

3.3kQ

100Q

4.5kV, 200 mA

650V, 80 mQ SiC
FET

Description

2.54mm, 1-pin header

CC45SL3JD___JYGNA
Standard

HVEF12P

1N914B

BZX55

SB360

2.54mm, 8-pin header
4 mm banana socket
2N2907A

Standard

Standard

Standard

IXTF02N450

UJ3C065080T3S

Table A.4: Bill of material of the HV switch board

— D W =W

W W W ww =~

Quantity
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Electronics schematics

The schematics of each of the boards that are a part of the final bidirectional flyback converter
can be found in the upcoming pages.
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8] Exploded view of the flyback con-
verter

On the following page, an exploded view of the ultra-high voltage bidirectional flyback con-
verter is presented. For each boards the location of their main components and modules is
highlighted.
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Appendix C. Exploded view of the flyback converter

MOSFET driver

Schmitt Trigger

LAUNCHXL-F28379D
Microcontroller

5x 2 GQ Resistors

Coupled Inductor

Power Input

(12V)

Voltage Output
(0-8kV)

PTGD Transformer

3x4.5kV MOSFETs
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