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Chapter 1

Introduction

Heart Failure (HF) is a chronic, progressive condition where the heart is unable to pump sufficient blood to meet
the metabolic demands of the body. It represents the terminal phase of various cardiovascular diseases, including
coronary artery disease, hypertension, and cardiomyopathy. Globally, HF affects approximately 75 million people
from Fig. 1.1, with a prevalence that continues to rise due to an aging population and improved survival rates
following acute cardiac events. In Europe, it is estimated that 15 million people are living with heart failure, and
the prevalence continues to rise due to an aging population and improved survival rates following acute cardiac
events [1]. The burden of HF is profound, both in terms of mortality and healthcare costs. HF is responsible for
substantial cardiovascular mortality across Europe, with a five-year survival rate post-diagnosis of less than 50%.
Additionally, the economic impact is substantial, with HF-related healthcare costs estimated to be over €29 billion
annually in Europe [1].
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Figure 1.1: Global Heart Failure Cases Over Years. Data source comes from [2,3].
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1.1 Artificial Assist Devices

To manage HF, various mechanical circulatory support devices have been developed, primarily Ventricular Assist
Devices (VADs) and Intra-Aortic Balloon Pumps (IABP) see Fig. 1.2. VADs are mechanical pumps that assist the
ventricles in pumping blood, used as both a bridge to heart transplantation and as a destination therapy. They have
proven effective in improving survival and quality of life for patients with advanced HF. However, they are associated
with complications such as infection, bleeding, and thrombosis [4].

IABPs, on the other hand, work by inflating and deflating a balloon within the aorta, thereby reducing cardiac
workload and improving coronary blood flow. While IABPs are widely used for short-term support in acute HF set-
tings, their efficacy in chronic management is limited and they carry risks such as vascular injury and thrombosis [5].
Also, due to their pneumatic drive mechanism, IABP devices are typically bulky and challenging to fully implant [6].

Figure 1.2: Two typical artificial assist devices: (Left) VAD (Right) IABP. Images from Internet.

1.1.1 Dielectric Elastomer Augmented Aorta

Given the limitations of current mechanical support devices, there is a continuous need for innovative solutions.
Dielectric elastomer actuators (DEAs) are a class of soft actuators consisting of hyper-elasticmembranes sandwiched
between compliant electrodes [7]. When an electric field is applied, the membrane compresses out-of-plane and
expands in-plane due to the generated Maxwell stress see Fig. 1.3. Key characteristics of DEAs include their ability
to undergo large deformation, with strains capable of exceeding 100%, their fast response times which enable quick
actuation, and their lightweight design which makes them particularly suitable for medical implants.

Due to these characteristics, this smart material has been utilized in various advanced applications such as valve-
less impedance-driven pumping [8], flexible robotics [9], and artificial muscles. Notable examples include the arti-
ficial urinary sphincter [10], actuator neuroprosthesis for facial paralysis [11, 12], and the dielectric elastomer aug-
mented aorta [6].
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Figure 1.3: Operating principle of DEA: it compress itself while high voltage applied.

Morgan Almanza et al. present the first dielectric-elastomer augmented aorta (DEAA) [6]. The DEAA is designed
to assist the heart by replacing a segment of the aorta with a tubular DEA, see Fig. 1.4 (d). This innovative device
functions through an aortic counter-pulsation approach: during systole, voltage at 7 kV is applied to soften the
DEAA, allowing it to expand as the ventricle ejects blood, thus reducing the afterload on the heart. At the beginning
of diastole, the voltage is removed, causing the DEAA to contract and augment forward blood flow, mimicking the
natural Windkessel effect of the aorta.

The DEAA offers several advantages: it provides efficient energy transfer, contributing about 5-10% of the heart’s
energy and reducing the workload on the left ventricle. Unlike bulky pneumatic devices, the electrically driven DEAA
can be fully implanted. Additionally, the materials used in the DEAA are biocompatible, reducing the risk of adverse
reactions [6,13–15]. The controlled stiffness of the DEA material optimizes assistance during different phases of the
cardiac cycle without requiring additional complex elements for pre-stretching.

(a) Physiological heart (b) Assisted heart

(c) Natural aorta and assist cycle (d) DEAA design

(e) Image of the anastomosis of 

the device in vivo

(f) Device in the descending aorta 

during the in vivo experiment

Figure 1.4: (a) Physiological behavior of the heart. (b) Cycle of the DEAA. (c) The pressure–volume characteristics ofthe DEA in its passive (blue) and active (orange) states, compared to the natural aorta (purple). By alternating itscompliance through activation and deactivation, the DEA supplies energy to the cardiovascular system, indicated bythe green area. (d) Schematic of the DEA design. (e) Image of the anastomosis of the device in vivo. (f) Image of theimplantation DEAA in the descending aorta during the in vivo experiment. Reprinted from [6,13–15].
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1.1.2 Power Supply of DEAA

Due to the unique properties of DEA materials, powering them requires very high voltages (kV) and small currents
(mA). Traditional methods like half-bridge (H-bridge), flyback, and multilevel converters have been employed. H-
bridge and bidirectional flyback converters using 4.5 kV stackedMOSFETs can achieve up to 16 kV and 7.5 kV, respec-
tively [16, 17]. However, for low-power devices, parasitic capacitance losses drastically reduce efficiency to around
15%. Additionally, the inductors in these designs can be bulky, up to 20 times the volume of the DEA, and stacked
MOSFETs increase overall volume. Flyback converters, while useful, produce sharp and pulsatile currents, unsuitable
for DEAs needing nearly constant current. Improving the current profile with filtering capacitance further increases
volume and energy requirements, making H-bridge and flyback converters less suitable for compact and efficient
DEA designs.

Due to that, a solid-state Marx modulator (S2M2) is adapted to supply a low-power (120 mW), high-voltage DEA,
achieving an overall efficiency of 88% and a voltage up to 12.5 kV [18]. As shown in Fig. 1.5 (a), The S2M2 system is
composed ofN levels, each containing a capacitor (Ck), a diode (Dk), and twoMOSFETs (high-sideHSk and low-side
LSk). When LSk are on and HSk are off, capacitors are connected in parallel, and in the opposite configuration,
they are connected in series. During parallel connection, capacitors charge through the diodes and current source
generator connected to V1. In series connection, a high voltage is achieved, and energy is limited but recharged
cyclically through the DEA’s operation.

(a) Modified solid-state Marx generator (b) Image of Adapted Marx modulator 

Figure 1.5: Overview of Adapted Solid-State Marx Modulator. Reprinted from [18].

The cardiac assist cycle consists of four stages over a period of 1 second as shown in Fig. 1.6:
1. Diastole (0.5s): DEA stays at zero voltage, LSk on,HSk off, capacitors recharge.
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2. Fast Charge (50ms): LSk turn off sequentially,HSk turn on in steps, charging capacitors in series.
3. Systole (0.5s): DEA maintains high voltage, HSk stay on, energy transfer from capacitors keeps voltage drop

minimal.
4. Fast Discharge (50ms): HSk turn off sequentially, LSk turn on in steps, discharging capacitors in series.
This approach minimizes inrush current and Joule losses, achieving a higher efficiency by splitting the voltage

change into smaller steps and recovering energy during discharge.

(a) Evolution of the structure 
(b) DEA’s voltage VDEA and current iDEA

along a cycle. 

Figure 1.6: Operating principle of S2M2. Reprinted from [18].

As shown in Fig. 1.5, a compact but unregulated DC-HVDC converter (A06P-5 from EMCO) supplies the energy for
the first level (charging the capacitors Ck in parallel at V1 ≈ 320 V, then capacitors Ck are changed in series to arrive
7.5 kV). However, the EMCO converter’s design is not sufficiently compact for implanted medical device, presenting
challenges in integration and efficiency.

This thesis aims to design a new structure to replace the EMCO converter, focusing on achieving amore compact,
efficient, and wireless power transfer for DEAA.

1.1.3 Wireless Power Transfer for Medeical Devices

With the advancement of GalliumNitride (GaN) devices, achieving higher switching frequencies has becomepossible,
paving the way for more efficient wireless power transfer systems. Wireless power transfer (WPT) has already found
widespread application in consumer electronics, such as smartphones, where it provides a convenient and cable-free
charging solution [19]. In the realm of transportation, electric vehicles (EVs) and high-speed trains have also adopted
WPT technologies to enhance convenience and reduce dependence on traditional charging infrastructure [20, 21].
These applications demonstrate the robustness and efficiency of wireless power systems.
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The need for wireless power transfer extends significantly into the medical field, particularly for implantable
medical devices. Traditional implantable devices require percutaneous drivelines to receive power, as shown in Fig.
1.7 (a), which are prone to infections at the exit site due to mechanical trauma, tension, and bacterial overgrowth.
Studies have shown that driveline infections are a major cause of morbidity and mortality among patients using
implantable medical devices, such as Left Ventricular Assist Devices (LVADs) [22]. For instance, driveline infections
remain a critical issue, with infection rates reaching up to 25% within two years of implantation [23].

Figure 1.7: Mechanical circulatory support (MCS) system as it is used today. (b) Fully implantable MCS system, witha WPT system. Reprinted from [24].

Based on that, the Zurich Heart project in Switzerland, has developed an innovative wireless power transmission
system for Left Ventricular Assist Devices (LVADs) [25], as shown in Fig. 1.8 . This system utilizes WPT approach to
wirelessly transfer up to 30W of power across the skin at 800 kHz with an output voltage of 35V, with an efficiency
greater than 95% [26]. Safety measures include an electric shielding layer to mitigate internal electric fields, reduc-
ing the maximum internal electric field strength from 224V/m to 77V/m and the Specific Absorption Rate (SAR) from
1.21W/kg to 0.25W/kg [27]. In addition to LVADs, WPT systems are being developed for other implantable medical
devices such as cardiac pacemakers [28] and miniaturized, and large-scale neural interfaces [29] by providing a re-
liable and infection-free power source, enhancing overall functionality and patient comfort. However, WPT systems
that require high voltage output have not been extensively studied. This is precisely what we need to address.

Figure 1.8: Image of the WPT implant prototype. Reprinted from [24].
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1.2 Goals and Contributions of the Thesis

The objective of this thesis is to design and optimize a WPT system capable of charging the capacitors in a Marx
Modulator. This involves replacing the wired EMCO boost structure [30] shown in Fig. 1.9 (d) yellow block with a
wireless transfer system that provides a DC output voltage of over 330V. Additionally, the WPT systemmust comply
with safety regulations concerning tissue heating and human exposure to electromagnetic fields. Although numer-
ous WPT systems have been developed in the past, there has been no demonstration of a WPT system that requires
high DC voltage and low power. Therefore, this thesis investigates various wireless power transfer circuit topologies
and explores multiple high voltage output schemes, providing a comparative evaluation of each.
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Figure 1.9: (a-c) Schematic concept of the improved DEAA power supply. (d) Initial DEAA power supply. Reprintedfrom [18]. (e) Improved DEAA power supply.

Through detailed analysis and design, the Cockcroft-Walton Voltage Multiplier (CW) is chosen as the rectifier
circuit for the WPT system in Fig. 1.9 (a). This configuration can complete the charging of the Marx capacitors within
0.5 seconds in Fig. 1.9 (b) , after which the CW multiplier stops charging and the Marx modulator begins to operate.
This results in the capacitors being reconfigured in parallel, ultimately achieving a high voltage output of 7.5 kV to
supply the DEAA in Fig. 1.9 (c).
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1.3 Outline of the Thesis

As discussed earlier, designing a low-power system capable of periodically charging capacitors with high voltage
involves addressing several engineering challenges. This thesis is divided into three chapters, each focusing on
resolving different aspects of the system.

Chapter 2: In this chapter, we begin by introducing the coupling model of the receiving coil in a WPT system,
specifically focusing on the mutual inductance between coils. We then explain the necessity of using compensation
capacitors for impedance matching and introduce four classic compensation topologies (SS, SP, PS, PP), discussing
their respective characteristics. To achieve high-voltage charging of the load capacitors, we discuss several potential
approaches, such as direct capacitor charging using constant current output from SS compensation or increasing
the receiver coil size to enhance the output voltage. However, these solutions do not adequately address the safety
and size constraints for implantable DEAA devices, leading us to the next chapter.

Chapter 3: This chapter focuses on the rectification of the WPT output. We introduce the Cockcroft-Walton
(CW) rectifier circuit, which effectively steps up a small AC input to a high-voltage DC output, addressing the issues
identified in the previous chapter. We discuss the circuit’s principles, the dynamics of voltage multiplication, and the
equivalent output circuit. A CW circuit designed to convert a 15V AC input into a 360V DC output is presented, along
with an analysis of its efficiency.

Chapter 4: In this chapter, we firstly explore the LCC-S compensation topology, which is more robust against
variations in coupling coefficients. Then we combine the WPT system with the CW rectifier circuit, analyzing the
characteristics of their integration. We propose an equivalent input circuit for the CW in this context, providing a
simpler method for analysis, and conduct a Fourier Harmonic Analysis (FHA) of the circuit. Finally, we evaluate the
overall efficiency, safety, and size of the combined system.

Chapter 5: The final chapter summarizes the designed circuits and the proposed equivalent analysis methods.
It also outlines potential areas for optimization and suggests directions for future design improvements.
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Chapter 2

Wireless Power Transfer System

James Clerk Maxwell laid the foundation for wireless energy transmission with his electromagnetic wave theory in
1865 [31]. Later, Nikola Tesla built on this theory by inventing the Tesla coil, aiming to achievewireless power transfer
[32]. Although Tesla’s ambitious planswere never fully realized, his pioneering ideas inspired future developments in
the field [33]. In the late 20th century, advancements in GalliumNitride (GaN) semiconductor technology and litz wire
enabled higher frequency operations,makingwireless power transfermore feasible. These higher frequenciesmade
it easier to transfer energy via electromagnetic waves, rekindling interest in wireless power technologies among
engineers [33].

This resurgence was notablymarked byMIT’s groundbreaking work onWireless Power Transfer via Strongly Cou-
pled Magnetic Resonances [34]. Since then, extensive research has been conducted, exploring applications ranging
from wireless charging of vehicles [20] and drones [35] to powering smartphones [19] and medical implants [36,37]
in Fig. 2.1. This method has significantly enhanced the freedom and convenience of powering devices and transmit-
ting information [38] by eliminating the constraints of physical wiring.

Figure 2.1: (a) Qi charging pad. (b) E-Mobility for electric vehicles.Reprinted from [39]. (c) Wireless Neural Interface.Reprinted from [40].
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2.1 WPT Fundamentals
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Figure 2.2: (a) Schematic of two magnetically loosely coupled coils. (b) its electrical circuit model. (c) T-type trans-former equivalent circuit. (d) General two-port transformer equivalent circuit.

Wireless power transfer operates similarly to a transformer, but with loose coupling, as shown in Fig.2.2 (a). The
system involves two coils, Lp and Ls, which exhibit inductive properties. These coils are separated by a certain
distance and are linked by mutual inductance M . When an AC voltage is applied to Lp, a current is induced in the
distant coil Ls, allowing energy to be transferred wirelessly. The coupling coefficient k is defined as in a traditional
transformer and is given by

k =
M√
LpLs

∈ [0, 1], (2.1)

where k represents the degree of coupling between the coils.
Since for mutually coupled coils, the self- and the mutual inductance act always simultaneously, the circuit in Fig.

2.2 (b) is mathematically described with
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ui

uo

 = jω ·

Lp M

M Ls

 ·

ip
is

 , (2.2)

where ui and uo are the phasor voltages across the respective coils, ip and is are the phasor currents through
the coils, and ω is the angular frequency. In this analysis, the internal resistances rp and rs of the coils Lp and Ls

are neglected. According to Equ. 2.2, we can have T-type transformer equivalent circuit in Fig. 2.2 (c) and general
two-port transformer equivalent circuit in Fig. 2.2 (d).

The current phasor i can be derived from Fig. 2.2 (d) as

ip =
ui − jωMis

jωLp
, is =

−jωMip
rload + jωLs

. (2.3)

and uo on load resistance is:

uo =
jωMiprload

rload + jωLs
. (2.4)

That means for a given primary current is, it produces a loss of i2prp in the primary winding and induces a voltage
with the RMS value of ωMip in the secondary winding. This induced voltage is applied to the impedance rload+ jωLs

on the secondary side, so the induced current and voltage are largely restricted by the reactance of the secondary
winding. The same situation is for the primary side. If the reactance of the secondary side impedance could be
compensated, for example, by connecting a capacitor Cs in series with the secondary winding and canceling out the
reactance as shown in Equ. 2.3, we will have:

ui = jωrMis, is =
−jωrMip

rload
, uo = jωrMip. (2.5)

in the condition of:
jωrLs +

1

jωrCs
= 0 jωrLp +

1

jωrCp
= 0

then a larger load current and a higher load power can be transferred to the load. With the same input voltage in
the primary side, the output power is increased and volt-ampere (VA) rating is decreased thereby, the power transfer
capability and efficiency are improved. The final circuit looks like Fig. 2.3 (c), with two capacitors series in two sides,
it is called series-series (SS) compensation.
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Figure 2.3: WPT circuit without/with series-series compensation.

2.1.1 Reflected Impedance

In general two-port transformer equivalent circuit as shown in Fig. 2.3 (a), the current controlled voltage source in
primary side could be considered as a impedancewith the help ofZs the impedance seen from the current controlled
voltage source in secondary side:

Zs =
jωMip
−is

= jωLs + rload + rs. (2.6)

Zr =
jωMis

ip
=

jωMjωM

−Zs

=
ω2M2

Zs

(2.7)
in the case of SS compensation, the reactive part is compensated by capacitor, so we will have pure resistive

reflected load:

Zr =
ω2M2

rload + rs
(2.8)

We could find the the bigger rload is, the smaller Zr will be. Also if we have a inductive load like Equ. 2.6, we will
have a capacitive load for Zr and vice versa, the proof is below.

Zr =
ω2M2

jωLs + rload + rs
=

ω2M2(rload + rs − jωLs)

(rload + rs + jωLs)(rload + rs − jωLs)
=

ω2M2(rload + rs − jωLs)

(rload + rs)2 + ω2L2
s

(2.9)

2.1.2 Load-independent Current (LIC) and Load-independent Voltage (LIV) Output

WhenusingWPT technology, the load is typically variable. For example, when charging a lithiumbattery, as illustrated
in Fig. 2.4, a constant current source is usually required at the beginning. During the constant current (CC) charging
period, the battery voltage rises from near zero to its maximum value. As the load voltage increases and reaches a
threshold, the charging mode switches to a constant voltage source, during which the battery current drops from
the rated value to near zero [41–44]. During this period, according to Ohm’s law, the battery can be modeled as a
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variable resistor with a wide range of values [44,45]. For such a variable load, we generally expect a voltage source
or current source that is independent of the load.
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Figure 2.4: Typical CC/CV charging profile of the Li-ion battery.

In SS compensation, we could have inherently CC or CV output features by setting input source with special
frequency under condition of ignoring coil internal resistance. As illustrated before, the input voltage source ui have
a angular frequency ωr , we series connect two capacitors Cp, Cs on either side with value in Fig. 2.5 (a):

jωrLs +
1

jωrCs
= 0, jωrLp +

1

jωrCp
= 0.

at this time, Lp, Ls are resonating respectively with Cp, Cs, which could be considered as short circuit as shown in
Fig. 2.5 (b), then the ui is fix and will clamp the current controlled voltage source jωrMis, which means is =

ui

jωrM
,

a current source seen by the load in the secondary side.
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uiui rload
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uo
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Figure 2.5: (a-b) SS Constant Current output behaviour. (c-d) SS-Constant Voltage output behaviour.
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With the same Cp, Cs value, but the ui is fed with angular frequency ωH which satisfies as shown in Fig. 2.5 (c),
Cp, Cs resonating respectively with Lp −M,Ls −M , which could be considered as short circuit in Fig. 2.5 (d), then
the voltage source ui is directly put on load - load independent voltage characteristic is fulfilled.

ωH =
1√

(Lp −M)Cp

=
1√

(Ls −M)Cs

, (2.10)

with Equ. 2.1 we could further get:

ωH =
ωr√
1− k

,
|uo|
|ui|

=

√
Ls

Lp
(2.11)
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Lp-M

Ls-M CsCs

CpCp

io 2M

uo

(d)

2M
Lp-M

Ls-M CsCs

CpCp

ucuc

Figure 2.6: SS-Constant Voltage output behaviour at ωL.

Additionally, we can split the mutual inductance M into two inductances of 2M in parallel, as illustrated in Fig.
2.6(b). We feed the input ui with an angular frequencyωL, where jωL(Lp−M)+ 1

jωLCp
resonates with 2M . According

to the Thevenin Theorem, the circuit can be equivalently represented as a current source with an internal impedance
of jωL(Lp − M) + 1

jωLCp
, as shown in Fig. 2.6(c). The current source is calculated as io =

ui

jωL(Lp−M)+ 1
jωLCp

, and
since jωL(Lp−M)+ 1

jωLCp
in parallel with 2M can be considered an open circuit at resonance, the circuit simplifies

further.
Using the Norton Theorem, the current source with internal resistance 2M can be transformed into a voltage

source uc = io× jωL ·2M . Since the combination of 2M and Ls−M resonates withCs, this can be approximated as
a short circuit, allowing the voltage source uc to be directly applied to the load, thereby exhibiting load-independent
voltage source behavior. A more rigorous mathematical proof of this behavior is provided by Zhang W. et al. [46].
The operating frequency is calculated by:

ωL =
ωr√
1 + k

,
|uo|
|ui|

=

√
Ls

Lp
(2.12)
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Taking a summary, for SS topology, we have a LIC frequency ωr , and two LIV frequency ωL and ωH , additionally,
depending on whether the compensation capacitors on the primary and secondary sides are connected in series
or parallel, we also have SP (Series-Parallel), PS (Parallel-series), and PP (Parallel-parallel) compensation topologies
[47–49] as shown in Fig. 2.7.
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Figure 2.7: (a) SS compensation. (b) PS compensation. (c) SP compensation. (d) PP compensation.

For these four topologies on the secondary side, to maximize output power, we select a capacitor such that
jωrLs +

1
jωrCs

= 0. However, for the primary compensation capacitor Cp, we aim to achieve a zero phase angle
(ZPA) at the input ui to minimize the VA rating. This requirement leads to different capacitor values, as shown in
Table 2.1. The table indicates that only the SS capacitor value is independent of the coupling factor M and load
resistance R, while the SP topology’s capacitor is independent of the load. In contrast, the capacitor values for PS
and PP topologies are dependent on both the load and M . In practice, it is desirable for Cp to have a fixed value,
unaffected by the coupling factor and load, as this simplifies the design process.

Topology Primary CapacitanceSS Topology Cp = 1
ω2

rLpPS Topology Cp =
Lp

ω2
rM2

R +ω2
rL

2
pSP Topology Cp = 1

ω2
r

(
Lp−M2

Ls

)
PP Topology Cp =

Lp−M2

Ls(
M2R
L2
s

)2

+ω2
r

(
Lp−M2

Ls

)2

Table 2.1: Primary Capacitance for Four Basic Compensation Topologies [47].

As illustrated in Fig.2.8, panels (a-c) represent the voltage transfer function, current transfer function, and phase
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angle of the input impedance for SS compensation. From these, we observe that ωr is the Zero Phase Angle (ZPA)
frequency for constant current output, while ωL and ωH are the constant voltage output frequencies. When operat-
ing at frequencies higher than ωr , the input impedance becomes inductive, meaning the input current lags behind
the input voltage. This condition is favorable for achieving Zero Voltage Switching (ZVS), which helps to reduce turn-
on losses and mitigate electromagnetic interference (EMI) issues in MHz systems [50]. Conversely, operating at
frequencies lower than ωr can result in Zero Current Switching (ZCS) at turn-off for the inverter.

Typically, in MOSFET inverters, turn-on losses are significantly greater than turn-off losses [51], making ZVSmore
desirable in wireless power transfer (WPT) applications. Consequently, we can conclude that the SS topology is the
most favorable among the four classic topologies, largely due to its primary capacitor being independent of load
and coupling conditions.

Figure 2.8: (a-c) Voltage transfer function, Current transfer function and phase angle of the input impedance of SScompensation. (d-f) Voltage transfer function, Current transfer function and phase angle of the input impedance ofSP compensation.

2.1.3 Maximum Power Efficiency

Take SS as an example, we can not neglect the coil resistance rp, rs which cause the losses of the system as shown
in Fig. 2.5 (a), the circuit model is given by:

(rp + jXp)ip + jωMis = ui (2.13)
jωMip + (rs + rload + jXs)is = 0 (2.14)

where Xp = ωLp − 1
ωCp

, Xs = ωLs − 1
ωCs

is the reactance of resonator. Because inductive WPT relies on near-
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field coupling, the radiation loss is negligible, and the losses occur due to the parasitic resistances of coil rp, rs, the
efficiency of the SS system, can be expressed as [52,53]:

η =
total output power
total input power =

|is|2rload
|ip|2rp + |is|2(rs + rload)

=
rload(

|ip|
|is|

)2
· rp + rs + rload

. (2.15)

the ratio |ip|
|is|

could be solved by Equ. 2.14

η =
ω2M2rload

[(rs + rload)2 +X2
s ]rp + ω2M2(rs + rload)

. (2.16)
By solving, the optimal value ofXs for maximizing the efficiency is obtained as

∂η

∂Xs
= 0, Xs_OPT = ωLs −

1

ωCs
= 0 (2.17)

This implies the optimal efficiency is that Ls, Cs forms an LC resonance at this operating frequency. And any
deviation ofXs from 0 (like ωL or ωH ), makeXs looks inductive or capacitive will reduce the efficiency.

SubstitutingXs_OPT = ωLs − 1
ωCs

= 0 into Equ. 3.11 and calculate derivatives respect to rload,

∂η

∂rload
= 0 (2.18)

the optimal values rload can be obtained as,

rload_OPT _η = rs

√
1 +

ω2M2

rprs
= rs

√
1 + k2QpQs, (2.19)

where Qi =
ωLi

ri
(i = p or s) is the quality factor of coil Li, the maximum efficiency of the system is,

ηmax = k2QpQs(
1 +

√
1 + k2QpQs

)2 . (2.20)
With the below parameter in Tab. 2.2, we could plot the efficiency as a function of the load resistance:

Table 2.2: Simulation Parameters of the SSIPT Converter for Analysis
Parameters Symbols ValuesSelf inductance LP , LS 4.84 µH, 4.84 µHCoupling coefficient k 0.174Equivalent Resistance RP , RS 0.25 Ω, 0.25 ΩQuality Factor QP , QS 202.74Compensation capacitance CP , CS 5.23 nF, 5.23 nFResonant frequency ωr

2π 1 MHz
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As shown in Fig. 2.9, the maximum efficiency η is achieved at 5.29 Ω at the ωr constant current point. When
operating at the ωL or ωH constant voltage points, the overall efficiency curve shifts downwards and to the right. At
this point, the coil quality factor is 220.74. However, as the load resistance changes to 100 Ω or 0.1 Ω, the efficiency
rapidly drops to approximately 40%. This efficiency drop occurs because when rload is large, most of the energy on
the secondary side is concentrated in rload, with minimal energy dissipated in rs. However, for the primary side, the
reflected impedanceZr is inversely proportional to the secondary side impedance. A large rload results in a very small
Zr , causing most of the energy on the primary side to be dissipated in rp, thereby reducing the overall efficiency.
Conversely, when rload is very small, although energy dissipation in rp on the primary side is minimal, the secondary
side rs dissipates most of the energy. Therefore, only when rload is at a moderate value do both the primary and
secondary sides achieve relatively high efficiency, leading to the highest overall system efficiency.
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Figure 2.9: Efficiency of an SSWPT system as a function of the load resistance under ωr Constant Current and ωL, ωHConstant Voltage frequency.

It is evident that a higher coil quality factor not only results in a larger amplitude near the resonance frequency
and improved selectivity for the resonance frequency, effectively reducing multiple harmonics in the system, but
also contributes to enhancing the overall system efficiency. If we reduce the coil resistance by a factor of 10 or 100,
the quality factor increases by the same factor, and as illustrated in Fig. 2.10, the efficiency not only increases but
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also becomes less sensitive to variations in the load.
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Figure 2.10: Efficiency of an SS WPT system as a function of the load resistance under different quality factor of coils.

2.2 High-voltage WPT Charging Design

Returning to the design objectives of this paper, the goal is to develop a WPT system capable of delivering a high
voltage output, specifically to periodically charge a load capacitor from 300V to 330V within 0.5 seconds as shown in
Fig. 2.11 (a). We first consider the most straightforward approach: utilizing the SS topology in either CC or CV mode
to charge the load through a simple full-wave rectification circuit.

Lp Ls

ip is

-jωMis jωMip

CpCp CsCs

(a)

Vin
Cload

(b)

Vout Vcap

Figure 2.11: (a) Voltage change of load capacitor. Reprinted from [18]. (b) SS topology circuit.
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2.2.1 SS-CC Mode

Given an input of 5V and a frequency of ωr= 1 MHz in the form of a square wave, we can calculate |is| = 0.94 A as a
fixed value based on the relationship 2.21. Additionally, the load capacitor is given by Cload = Q

Vcap =
|is|·t
Vcap , where Q

increases linearly due to the constant current is, resulting in a linear increase in Vcap. Consequently, the equivalent
resistance of Cload also increases linearly according to Ohm’s law: Rcap =

Vcap
|is|

= t
Cload .

is =
ui

−jωrM
, (2.21)

Also it could be concluded that primary current is also increasing linearly from Equ. 2.22

isRcap = jωrMip ip =
ist

CloadjωrM
=

uit

ω2
rM

2Cload
. (2.22)

By setting up the circuit in LTspice simulation software as shown in Tab. 2.3, we can observe the time behavior
of Vin, Ip, Vout, Is, and Vcap in Fig. 2.12.

Table 2.3: Simulation Parameters of the SS-CC Mode for Analysis
Parameters Symbols ValuesSelf inductance LP , LS 4.84 µH, 4.84 µHCoupling coefficient k 0.174Compensation capacitance CP , CS 5.23 nF, 5.23 nFInput Voltage Vin 5 VWorking frequency ωin

2π 1 MHzLoad capacitance Cload 20 µFRectifier Diodes Vishay VS-E5PX3006 600 V

Figure 2.12: (a-f) Time behavior of Vin, Ip, Vout, Is, and Vcap of SS CC.

From the simulation results, we can see that the secondary current Is remains almost constant, whileVout andVcap
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increase linearly. Simultaneously, the primary current Ip also increases linearly. This indicates that as the capacitor
voltage increases, the primary current Ip correspondingly rises, reaching nearly 80 A in the simulation. Such a high
current is impractical to handle, as it would result in significant currents on the transmitter side, leading to severe
heating due to coil resistance in a real scenario.

Additionally, according to Maxwell’s equations, the magnetic field generated by the primary current would be
extremely large, potentially exceeding the ICNIRP [54,55] limits for medical devices.

H(t, x) = I(t) · 1
2
· r2

(x2 + r2)3/2
= 697.2 (A/m) (2.23)

where: I(t) - current (A) at time t (s), r - radius of the loop (m), here we suppose 42.5 mm, x - location (m) from the
center of the loop (the center is located at point x = 0); here we suppose 20 mm,

(a) (b)

Figure 2.13: (a) Schematic of H along axis of circular current loop [56]. (b) ICNIRP [55].

Except above, it can be observed that the charging speed in CC mode is very fast, taking only 2 ms to charge a 20
µF capacitor from 300 V to 330 V. However, unlike CV mode, which automatically stops charging upon reaching the
threshold, CC mode does not have this feature. Therefore, we need to design an additional voltage detection circuit
on the receiver side to control the start and stop of charging, which will increase the size of the implanted device.

2.2.2 SS-CV Mode

Compared to the risk of overcharging in CC mode [41], the drawback of CV charging is that when the capacitor
voltage is low, the charging current can be quite large, and it exhibits an exponential decay in Equ. 2.24 (where
τ = RC). However, in the context of periodically charging the capacitor from 300 V to 330 V—similar to the final
stage of battery charging—CV mode is more suitable.
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V (t) = V0 + (Vinitial − V0) · e−
t
τ , I(t) =

V0 − Vinitial
R

· e− t
τ (2.24)
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Figure 2.14: Capacitor Charging Voltage and Current Over Time.

In SS-CV mode, it is preferable to operate at ωH due to its ZVS properties. At this frequency, the voltage gain
Gv = Vout

Vin
can be calculated using Equ. 2.26 [46,53,57]. Thus, rather than resorting to complex and space-consuming

solutions such as using a single transmitting coil with multiple receiving coils in series [58], or multiple transmitting
coils in series with multiple receiving coils in series (ISOS) [59], the simplest way to achieve a high output voltage is
to increase Ls relative to Lp, as indicated by Equ. 2.26.

ωr =
1√
LpCp

=
1√
LsCs

, ωL =
ωr√
1 + k

ωH =
ωr√
1− k

, (2.25)

Gv(ωH) =
|Vout|
|Vin|

=

√
Ls

Lp
. (2.26)

Given an input of 15V and a frequency of ωr = 1MHz in the form of a square wave, assumeLp = 1 µH. (Lp should
not be too small, as a small inductance implies lower magnetic flux density, which can lead to reduced coupling
efficiency between the transmitting and receiving coils. This directly impacts both the transmission distance and
efficiency. Moreover, itmakes the systemmore susceptible to interference or parasitic effects.) To achieveVout = 330

V, we require Ls = 484 µH. Here, we assume that the coil is a flat coaxial half-filled disc coil as shown in Fig.2.15. Due
to the volume constraints of the implanted coil, the coil diameter is limited to 85 mm, and the distance between the
two coils is assumed to be 20 mm. Based on Leibl et al.’s finite element simulation, the required number of turns
can be calculated using Equ. 2.27 [60]:

L ≈ 0.76µ0dN
2. (2.27)
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For the primary coil, Np is approximately 3 turns, and for the secondary coil, Ns is approximately 78 turns. At
this point, we can no longer neglect the coil resistance, which can be considered as consisting of both DC and AC
components [61]:

Rtotal = RDC +RAC , RDC =
ρ× l

Atotal , RAC ≈ RDC ×
(
1 + k ×

√
f
)
. (2.28)

where: - ρ is the resistivity of the wire (for copper, approximately 1.68 × 10−8 Ω ·m). - l is the total length of the
coil. - Atotal is the total cross-sectional area of the Litz wire. - f is the operating frequency (in Hz). - k is an empirical
constant that depends on the number of strands, strand diameter, and the braiding pattern of the Litz wire.

Figure 2.15: Pair of magnetically coupled flat coaxial half-filled disc coils with dimensions. The total ampere-turns
NI of each coil are assumed to be homogeneously distributed over the coil cross-section. Reprinted from [60].

Such a high number of turns within a limited space poses significant challenges for the manufacturing process.
To achieve 78 turns, the coil cross-sectional area must be reduced, which in turn increases the DC and AC internal
resistance as described by Equ. 2.28. Simulating this setup in LTspice as shown in Tab. 2.4, with Ls set to 484
µH and adding 10 Ω of internal resistance to the secondary side, we can observe from the results in Fig. 2.16 that
the primary current remains very high, exceeding the safety limit. Moreover, with Lp being much smaller than Ls,
achieving good coupling between Ls and Lp becomes challenging, making it difficult to effectively transfer power
from Ls. Additionally, increasing Ls inevitably raises the internal resistance of the coil, leading to higher power
losses in the implanted device. These losses, which manifest as heat, are difficult to dissipate from within the body,
potentially posing a safety risk to the patient.

Table 2.4: Simulation Parameters of the SS-CV Mode for Analysis
Parameters Symbols ValuesSelf inductance LP , LS 1 µH, 484 µHCoupling coefficient k 0.174Compensation capacitance CP , CS 25.33 nF, 52.33 pFEquivalent Resistance RS 10 ΩInput Voltage Vin 15 VWorking frequency ωin

2π 1.1 MHzLoad capacitance Cload 20 µFRectifier Diodes Vishay VS-E5PX3006 600 V
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Figure 2.16: (a-f) Time behavior of Vin, Ip, Vout, Is, and Vcap in the SS CV configuration.

Based on the discussion above, the WPT system combined with a simple four-diode full-wave rectifier is insuffi-
cient to meet our design goals. To overcome the issues of excessive primary current stress in CCmode and the need
for a large inductance in the receiving coil for CV mode, we need to consider using a new rectification circuit—the
Cockcroft-Walton Voltage Multiplier. This circuit can convert a low-voltage AC input into a high-voltage DC output.
The principles and characteristics of this circuit will be introduced in the next chapter.
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Chapter 3

Cockcroft-Walton Voltage Multiplier

3.1 Principle of Cockcroft-Walton Voltage Multiplier (CW-VM)

The Cockcroft-Walton multiplier (also called Greinacher multiplier [62]), named after the physicists John Douglas
Cockcroft and Ernest Thomas Sinton Walton, is a high-voltage generating electrical circuit [63]. It was invented in the
early 20th century and is particularly noted for its role in the first artificial nuclear disintegration in 1932 [64]. This
multiplier uses a cascaded array of capacitor-diode pairs to convert a low AC input into a high DC voltage as shown
in Fig. 3.1. Its design eliminates the need for a high-voltage transformer, making it a cost-effective solution for many
high-voltage applications including X-ray imaging [65], electrostatic precipitator [66], photomultiplier [67], RF energy
harvesting of IoT [68], micro aerial vehicles (MAVs) [69,70], etc.

Vin,CW

1st stage 2nd stage nst stage

C1

C2

C3

C4

D1 D2 D3 D4 D2n-1 D2n

C2n-1

C2n

Cout

Rload

Figure 3.1: Schematic of a Cockcroft-Walton VM.

3.1.1 CW-VMWithout Load

As shown in Fig. 3.2, when a sinusoidal wave with an amplitude Vin is applied to the input of a CW-VM, during the
negative half-cycle, the power source charges the capacitorsC1,C3,C2n−1 through the diodesD1,D3,D2n−1. During
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the positive half-cycle, the power source charges the capacitors C2, C4, C2n through the diodes D2, D4, D2n. In the
absence of a load, the voltage across each capacitor will reach a saturation value: C1 will be charged to Vin, while all
other capacitors will be charged to 2Vin. As a result, we obtain an output voltage of 2nVin at the right end of C2n.

Vin

1st stage 2nd stage nst stage

C1

C2

C3

C4

D1 D2 D3 D4 D2n-1 D2n

C2n-1

C2n

Amplitude   Vin

2Vin
2Vin 2Vin

2Vin2VinVin

Vin

1st stage 2nd stage nst stage

C1

C2

C3

C4

D1 D2 D3 D4 D2n-1 D2n

C2n-1

C2n

2Vin
2Vin 2Vin

2Vin2VinVin

(a)

(b)

(c)

Figure 3.2: Schematic of a Cockcroft-Walton VM without Load.

3.1.2 CW-VM in Steady State

When the output load capacitor Cout of the CW-VM reaches a stable voltage, only the load resistor continues to
consume current. At this point, the circuit operates in a steady state with a consistent output voltage pattern. Here,
we assume that C ′

1 and C ′
2 are large enough to maintain a relatively constant output voltage across the load, so

that the output current iR remains continuous with only a small ripple. The amount of charge delivered to the load
during one switching cycle 1/f is denoted by q.

The column of capacitors C1, C2 is known as the oscillating column (also known as the coupling column), while
the column of C ′

1, C
′
2 is called the smoothing column.

The push phase [Fig. 3.3 (b)] is the interval between t = 0 and t = t1. At t1, the voltage source reaches its peak in
the positive cycle. We assume that the charging of the capacitors happens instantaneously, whereC1 andC2 charge
C ′

1 and C ′
2 to restore the voltage drop on C ′

1 and C ′
2.
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Figure 3.3: (a) Schematic. (b) Charge flow during the push phase. (c) Charge flow during the pull phase.

The pull phase [Fig. 3.3 (c)] is the interval between t = t1 and t = t2. At t2, the voltage source reaches its peak
in the negative cycle, where C ′

1 and C ′
2 charge C1 and C2 to restore the voltage drop on C1 and C2 caused by the

previous charging of C ′
1 and C ′

2.
Therefore, it can be observed that the voltages across C1, C2, C ′

1, and C ′
2 cannot remain stable because the

capacitance values cannot be ideally infinite. The current flowing through the coupling column C1, C2 will cause a
voltage drop ∆V on V1 and V2, and the current flowing through the smoothing column C ′

1, C
′
2 will cause a peak-to-

peak voltage ripple∆V ′ on V ′
1 and V ′

2 .
we could calculate the peak value of the output voltage V ′

2 , denoted by V ′
2,max, can be expressed as:

v′2,max = 4Vin −∆V (3.1)
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where

∆V = ∆V1 +∆V ′
1 +∆V2 (3.2)

=

2∑
k=1

(∆Vk +∆V ′
k)−∆V ′

2 . (3.3)

The output peak-to-peak ripple which we denote by δV is, by definition:

δV = ∆V ′
2 . (3.4)

The average output voltage Vout is

Vout = v′2,avg ≈ 4Vin −∆V − 1

2
δV. (3.5)

Additionally, there is a similar structure called the Dickson VM. The key difference between the Dickson VM and
the CW VM is that in the Dickson VM, all the capacitors are connected in parallel and are subject to the same voltage,
which results in higher voltage stress on the capacitors. Furthermore, the current flowing through each capacitor is
q, which means that the voltage drop and ripple in the Dickson VM are much smaller than in the CW VM, especially
at higher stages. In contrast, the capacitors in the CW VM are connected in series, leading to lower voltage stress on
each capacitor. Moreover, a trade-off between the two can be achieved, as shown in Fig. 3.4 (c), to balance voltage
stress and ripple drop, as illustrated in Table 3.1.
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Figure 3.4: Two-stage voltage multipliers in three different topologies. (a) Cockcroft–Walton. (b) Dickson. (c) (1x2)Hybrid.

The above content is based on these references. Due to space limitations, for amore detailed explanation, please
refer to [71–73].

For anm× n cascode hybrid structure, we can derive the corresponding formulas.
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Table 3.1: Voltage Drops at Each Node in Two-Stage Multipliers of Fig. 3.4
k Cockcroft-Walton Dickson Hybrid

∆Vk ∆V ′
k ∆Vk ∆V ′

k ∆Vk ∆V ′
k1 2q

C1

2q
C′

1

q
C1

q
C′

1

q
C1

q
C′

12 2q
C1

+ q
C2

2q
C′

1
+ q

C′
2

q
C2

q
C′

2

q
C2

+ 2q
C2

2q
C′

2

∆V =
q

C

[
m3

(
2

3
n2

)
+m2

(
−n2 +

3

2
n

)
+m

(
1

3
n2 +

1

2
n− 1

)]
(3.6)

δV =
q

C

[
m2
(n
2

)
+m

(
1− n

2

)] (3.7)

Vout = v′mn,avg ≈ 2mnVin −∆V − 1

2
δV (3.8)

For CW VM, it means n=1, we get:

∆V =
q

C

[
2

3
m3 +

1

2
m2 − 1

6
m

]
=

Iout
fC

[
2

3
m3 +

1

2
m2 − 1

6
m

]
(3.9)

δV =
q

C

[
1

2
m2 +

1

2
m

]
=

Iout
fC

[
1

2
m2 +

1

2
m

]
(3.10)

Additionally, in a CW VM, the lower-stage capacitors experience higher current, leading to larger voltage drops
and ripples. To mitigate these effects, we can also use larger capacitance values for the lower-stage capacitors [74].
However, for simplicity, it is common practice to use capacitors of the same value throughout the circuit.

However, in reality, it cannot be assumed that charging is instantaneous. Instead, the diodes conduct sequentially
from the highest to the lowest stage [75–77]. For example, in a third-level CW VM:

1. Mode 1 Fig. 3.5 (a): All diodes are blocked, and no current flows. Capacitors C2, C4, and C6 charge the load,
while C1, C3, and C5 are floating.

2. Mode 2 Fig. 3.5 (b): The positive half-cycle begins. DiodesD2 andD4 are still blocked, whileD6 conducts first.
Odd capacitors (C1, C3, C5) are discharged, and even capacitors (C2, C4, C6) are charged, while the capacitors
also supply current to the load.

3. Mode 3 Fig. 3.5 (c): As vd4 equals vd3, diodeD6 is blocked, andD4 conducts. CapacitorsC2 andC4 are charged,
while C1 and C3 are discharged, continuing to supply load current.

4. Mode 4 Fig. 3.5 (d): D4 is blocked, and D2 begins to conduct. Capacitor C2 is charged while C1 is discharged.
Capacitors continue to supply load current.
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Figure 3.5: Circuit Modes of CW with Capacitive Load.

3.2 Design of Cockcroft-Walton Voltage Multiplier

In this case, the input voltage Vin for the CW is 15V, and we require an output of at least 330V. To allow somemargin,
we can target an output of 360V, which means a 12-stage CW multiplier is needed. We select an input frequency
of 1 MHz. We can calculate the relationship between Vout and the capacitance C from Equ. 3.9, 3.10, as shown in
the Fig. 3.6. To minimize the volume, we choose MLCC capacitors with a 0603 package. After filtering all options
on Mouser, we selected the GRM188R72A104KA35D capacitor with a rating of 100 VDC, 100 nF, X7R dielectric, as a
trade-off between volume, capacitance, voltage rating, and capacitance stability under applied voltage.
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Figure 3.6: Influence of the number of stages and capacitance on the output voltage of CW with 47k Ω load.
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According to the formulas below, to reduce the voltage drop (lower the equivalent internal resistance and im-
prove charging speed), we can design the circuit as a 6x2 hybrid CW-Dickson structure.

Vout = v′mn,avg ≈ 2mnVin −∆V − 1

2
δV (3.11)
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Figure 3.7: Comparison of output impedance and output voltage of CW or Hybrid CW-Dickson with 47k Ω load.

As shown in the Fig. 3.7, by using the 6x2 Hybrid structure, the output internal resistance is effectively reduced,
and the output voltage is increased. However, the voltage stress on the capacitors is doubled, which can lead to a de-
crease in capacitance. Although this effect is not accounted for in the Fig. 3.7, even with the reduction in capacitance,
the output voltage can still be improved.

For the diodes, since we are dealing with high-frequency currents, we need to use Schottky diodes. Due to their
unique construction (metal-semiconductor junction), Schottky diodes have negligible recovery time. However, they
typically have lower voltage ratings. Here, we have selected the SS16HE from onsemi, which has a slightly larger
footprint than the 0603 capacitors. It has a voltage rating of 60 V, can handle a continuous current of 1 A and a peak
surge current of 25 A, with a forward voltage drop of only 0.51 V at 0.5 A. The recovery time is 8.3 ns, which is minimal
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compared to the 1000 ns period at 1 MHz.
The final design of the Hybrid CW circuit is shown in Fig. 3.8. In this design, a MOSFET switch is added to the CW

circuit, controlled by an ATTINY406-SNR MCU, allowing us to control the activation or interruption of the CW circuit
on the receiver side without needing to stop the operation of the transmitting coil. This means that even when the
CW circuit is turned off, the transmitting coil can continue to operate and supply energy to other loads. Additionally,
a load circuit is included, where capacitors or resistors can be soldered. The assembled PCB is shown in Fig. 3.9. To
prevent the reverse flow of charge from the load capacitor, a high-voltage diode, SBR1U400P17 (1A, 400V), is added
to the output side of the CW circuit.

The MCU circuit can control the MOSFET by decoding the signal from the transmitter side using ASK (Amplitude
Shift Keying), please refer [18].

Figure 3.8: Final Hybrid CW Circuit diagram.

Figure 3.9: PCB of Hybrid CW VM.

Under an input of Vin = 2 V at 100 kHz, the rise time under no-load conditions is approximately 20 ms. The
experimental results and simulation results show very good agreement as shown in Fig. 3.10.
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(a)

(b)

Figure 3.10: Rise time of Hybrid CW VM without Load.

3.2.1 Efficiency of Hybrid CW VM

To estimate the efficiency of the circuit with a 47k ohm load resistor, we can calculate the losses caused by the
capacitor’s Equivalent Series Resistance (ESR) and the forward voltage drop of the Schottky diodes. The relevant
power loss equations are:

• Capacitor ESR Loss:
PC = ESR · I2C,rms

• Schottky Diode Conduction Loss:
Pcon = UD0 · IF,av

The calculated power loss due to the capacitor’s ESR is approximately 0.0277355 W, and the power loss in the
diode is approximately 0.1088085 W. The input power is calculated to be 2.1335 W as shown in Fig. 3.11.

Based on LTspice simulation results, the capacitor’s ESR loss is approximately 0.0302932 W, the diode loss is
about 0.10819 W, and the input power is approximately 2.1638 W as shown in Fig. 3.11.
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Figure 3.11: Efficiency Distribution of Hybrid CW VM.
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Chapter 4

LCC-S Based WPT Powering VM for High

Voltage Capacitor Charging

4.1 LCC-S Compensation Topology

Although the SS compensation topology has the advantages of a simple structure, a primary compensation capacitor
that is independent of load and coupling coefficient variations, and the ability to operate at load-independent voltage
(LIV) and load-independent current (LIC) points, it also has several drawbacks:

1. If operating at the CC (LIC) frequency ωr , under low coupling ormisalignment conditions, the controlled voltage
source induced by the coupling, jωrMis, will almost disappear. This results in the primary side resonating only with
its capacitanceCp and inductance Lp, effectively creating a short circuit that may generate excessively high currents,
potentially damaging the circuit.

2. If operating at the ωH = ωr√
1−k

CV (LIV) frequency, any change in the coupling condition between the two
coils, such as the air gap varying in real-time in a transcutaneous energy transmission system when the patient is
breathing [49, 78, 79], will cause this CV frequency to shift. Operating at a fixed frequency under these conditions
will result in the output voltage no longer being independent of the load as shown in Fig. 4.1.

Figure 4.1: SS-Constant Voltage output behaviour at different k.
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To address these issues, researchers have explored higher-order and more complex compensation networks
[50, 80, 81], such as the double side LCC compensation widely used in wireless charging for electric vehicles [82].
However, the use of numerous capacitors and inductors increases both the size and complexity of the system.
Therefore, a trade-off between optimal output characteristics and network simplicity is necessary. In the following
section, we will introduce the LCC-S compensation topology [19,28,42,83]:

Figure 4.2: Equivalent Circuit of LCC-S.

As shown in Fig. 4.2(a), the primary side of this compensation structure consists of a low-pass filter with Lf

and Cf to filter out higher-order harmonics, as well as Cp and Lp to adjust the input impedance angle, ensuring
ZVS operation across the entire load variation range. The secondary side is composed of Ls and the compensation
capacitor Cs:

ωr =
1√
LfCf

=
1√
LsCs

. (4.1)

The equivalent Cantilever model of circuit in Fig. 4.2 (a) is shown in Fig. 4.2 (b), where N =
√

Lp

Ls
, Lm = N ·M ,

Lpl = Lp − Lm, and Lsl = Ls − Lm

N2 . The rectifier diodes and load resistance can be equivalently represented as a
resistance Rrec, and the secondary side components are transformed to the primary side as shown in Fig. 4.2 (c).

According to Thevenin’s theorem, the voltage source V in and Lf can be equivalently represented as a current
source i1 with parallel resistance Lf , as shown in Fig. 4.2 (d). Then, applying Norton’s theorem, the current source
i1 and parallel resistance Lf ∥ Cf can be equivalently represented as a voltage source V 1 with series resistance
Lf ∥ Cf , as depicted in Fig. 4.2 (e).

Next, according to Thevenin’s theorem, the voltage source V 1 with series resistance (Lf ∥ Cf )+Cp +Lpl can be
equivalently represented as a current source i2 with parallel resistance (Lf ∥ Cf ) + Cp + Lpl, as shown in Fig. 4.2
(f). Finally, applying Norton’s theorem, the current source i2 and [(Lf ∥ Cf ) + Cp + Lpl] ∥ Lm can be equivalently
represented as a voltage source V 2 with series resistance [(Lf ∥ Cf ) + Cp + Lpl] ∥ Lm, as shown in Fig. 4.2 (g).
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Since Lf and Cf are in parallel resonance, they can be considered an open circuit, and the current will only flow
throughLm+N2Lsl+

Cs

N2 to the load. The series resonance ofLm+N2Lsl with Cs

N2 can be considered a short circuit,
consisting a load independent voltage (CV) behaviour, and the resonance condition is independent of the coupling
coefficient, unlike ωH = ωr√

1−k
in the SS-CV. This means that even if the relative position of the coils changes, the

resonance frequency will remain unchanged, providing better stability compared to the SS-CV configuration.

Figure 4.3: LCC-S-Constant Voltage output behaviour at different k.

Figure 4.4: Two-port transformer equivalent circuit of LCC-S.

At the same time, we present the Two-port transformer equivalent circuit of the LCC-S topology, as shown in Fig.
4.4 (a). The rectified circuit is equivalently represented as a resistance Rrec, as shown in Fig. 4.4 (b). According to
Thevenin’s theorem, the voltage source V in and series inductance Lf can be equivalently represented as a current
source i1 =

V in
jωrLf

with parallel inductance Lf , as shown in Fig. 4.4 (c).
Since Lf andCf are in parallel resonance and can be considered an open circuit, ip = i1 =

V in
jωrLf

. The secondary
side Ls and Cs are in series resonance, effectively shorting the circuit. The controlled voltage source jωrMip =

jωrM
V in

jωrLf
=

MV in
Lf

is entirely applied on the resistance Rrec. Therefore, the voltage ratio is given by:
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|V Rrec
|

|V in|
=

M

Lf
= k ·

√
LpLs

Lf
. (4.2)

Additionally, by transforming the primary controlled voltage source −jωrMis into an equivalent reflected resis-
tance from the secondary side as shown in Fig. 4.4 (d), we can calculate the equivalent input impedance Z in of V in.
Using this impedance, we can then design the appropriate value of Cp to achieve ZVS across the entire load range.

In summary, we introduced the principles of the LCC-S compensation topology above, and it is evident that it
offers the following advantages:

1. At the resonance frequency ωr , it exhibits load-independent voltage characteristics:
|V Rrec |
|V in|

= k ·
√
LpLs

Lf
,

(In the SS-CV topology has Gv(ωH) =
√

Ls

Lp
).

2. The resonance frequency ωr = 1√
LfCf

= 1√
LsCs

is independent of the coupling conditions (unlike the SS-CV
topology, where ωH = ωr√

1−k
).

3. At this resonance frequency ωr , the input impedance phase can be adjusted by tuning the value ofCp, enabling
ZVS operation (In the SS-CC topology, the input phase is 0, making it impossible to achieve ZCS or ZVS. In the SS-CV
topology, ωH is too inductive and ωL is too capacitive, both affecting efficiency).

4. The primary coil current ip remains constant, even when there are multiple receiving coils, making it immune
to interference.

4.2 Input Impedance Equivalent Model of CW-VM

Vout RR VR

is
iR

RrecRrec Vout, 1st

is

(a) (b)

(c)

Figure 4.5: Input Equivalent Model of Full Wave Rectifiers.
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In the previous descriptions, we have treated the full-wave rectifier circuit, as shown in Fig. 4.5 (a), as an equivalent
pure resistance, as shown in Fig. 4.5 (b). Here, V out is a square wave with an amplitude ofUd, and the current flowing
into the rectifier is is a sine wave. The voltage V R across the resistor R is a DC voltage of magnitude Ud, and the
current through R is also DC. When we equivalently represent the circuit as in Fig. 4.5 (b), we assume that only the
first harmonic of V out is transmitting energy (considering the high-quality factor of the coil). According to Fourier
decomposition:

V out, 1st =
4Ud

π
sin(ωt), (4.3)

The RMS value of V out, 1st is:

RMS(V out, 1st) =
2
√
2Ud

π
, (4.4)

According to the principle of energy conservation:
(
2
√
2Ud

π

)2/
Rrec = U2

d

R
, (4.5)

Thus, the equivalent resistance Rrec is:

Rrec = 8R

π2
. (4.6)

The FHA method generally provides good accuracy in most cases [43, 44, 84, 85]. However, as the frequency
increases, the rectified voltagewill lag behind the rectified current because the commutation of the diodes is affected
by the parasitic capacitance of the diodes, making the load appear capacitive. This will affect the input impedance
of the voltage source. To achieve a more accurate equivalent model, a method of paralleling a capacitance with
the resistance has been proposed, which offers better precision [19, 26, 86]. Alternatively, by utilizing a parallel
capacitance Cp, the circuit can be equivalently modeled as a resistor in series with a capacitance, offering greater
simplicity [87–89]. Using more precise analytical methods [90, 91] or scanning the load parameter characteristics
[92,93] can provide a more accurate model, but this significantly increases the workload.

For the Cockcroft-Walton Voltage Multiplier, at lower orders and frequencies, the parasitic capacitance of the
diodes can be neglected, allowing the circuit to be equivalently modeled as a pure resistance [94, 95]. For higher
orders and higher frequencies, several equivalent circuits have been proposed. Some are based on simple equiva-
lence [96], others require the inclusion of a parallel capacitanceCp [75], and some are based on the assumption that
the circuit reaches steady state with a very short discharge time [97–100]. To establish an equivalent input model
for the CW VM suitable for charging capacitors, we will analyze its operating modes and develop the corresponding
models.
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As shown in Fig. 4.6, this is the proposed circuit structure. A DC voltage is converted into a square wave with an
amplitude of Vin using a full-bridge inverter, which then drives the LCC-S lossy coupled transformer. On the output
side, a sinusoidal waveform is generated to feed the CW-VM, whichmultiplies the low-voltage AC input to a DC output
to charge the capacitor Cload. Here, R represents the 10 MΩ resistance of the voltage probe. In 3.1.2, we introduced
the current mode of the CW, but we neglected the junction capacitance of the Schottky diodes. In reality, each diode
has a nonlinear parasitic capacitance [100], as shown in Fig. 4.7, which affects the current mode as follows:

Lp Ls

ip is

-jωMis jωMip

CpCp CsCs

Vin Vout
CfCf

Lf
iin

Vcap

C1'
V1

V1
'

V2

V2
'

C2

C2'

C11

C11'
V11

V11
'

V12

V12
'

C12

C12'

Cload R

Figure 4.6: Proposed LCC-S power CW-VM Circuit.

1. Mode 1: All diodes are blocked, and the current flows through the junction capacitors of the diodes. Reverse
voltages shift from Vin to −Vin.

2. Mode 2: As described earlier in 3.1.2, the odd-numbered diodes conduct sequentially from the highest stage
to the lowest stage.

3. Mode 3: The same sequence occurs during the negative half-cycle.
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Figure 4.7: Proposed LCC-S power CW-VM Circuit considering the junction capacitance of the diode.

At the same time, the capacitive load can be equivalently modeled as a resistor with a continuously varying
value and a capacitor (causing the voltage to lag behind the current). However, quantifying this capacitance is very
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complex, and no method has been found in the literature, indicating a need for further research. Additionally, the
junction capacitance of the diodes requires a voltage change every cycle, so the overall CW input impedance can be
modeled as a capacitor Ck and a varying resistorR, where Ck = 2nCd +Cc, with Cd (=43 pF) representing the diode
parasitic capacitance and Cc representing the equivalent capacitance of the charging capacitor, as shown in Fig. 4.8.

Lp Ls

ip is

-jωMis jωMip

Cp Cs

(a)

Rcap

CfCf

Lf

iin

Vin

Lp

ipCpCp

(b)

CfCf

Lf

iin

Vin
ZrefZref

Ck

Figure 4.8: Proposed LCC-S power CW-VM Circuit considering the junction capacitance of the diode.

To realize ZVS, the turn-off current must be able to fully discharge the equivalent junction capacitor (Coss) of the
switching devices during the dead-time period (td):

Q =

∫ td

0

ioff(t)dt ≥ 2CossVin (9)

Zf =

Lf

Cf

Z ′ref + j
(
ωrLp − 1

ωrCp
− 1

ωrCf

) , (4.7)

Through calculation, we obtained the following system parameters:
Table 4.1: Specifications of the WPT System

Specifications Symbol Practical ValueInput voltage Vin 17 VOutput voltage Vcap 330 VSwitching frequency fr 1 MHzTransmitter coil self-inductance Lp 4.84µHTransmitter coil resistance Rp 0.25ΩReceiver coil self-inductance Ls 4.73µHReceiver coil resistance Rs 0.25ΩCoupling coefficient range k 0.174

Table 4.2: Passive Components Value in the LCC-S Circuit
Component Practical Value
Lf 1 µH
Cf 25.3 nF
Cp 6.55 nF
Cs 5.37 nF
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4.3 Experiment Verification

Figure 4.9: The picture of the experiment setup.

The experimental setup is shown in Fig. 4.9. We control the LMG5200 GaN MOSFET using the LAUNCHXL-F28377
to generate a 200 ms, 1 MHz burst, after which it is turned off for 2.3 seconds. During this off period, the voltage
across the capacitor rapidly decreases through the 10 MΩ resistor of the voltage probe. By operating cyclically in
this manner, the voltage across the capacitor will periodically rise from 300V to 330V (in 200 ms) and then drop from
330V to 300V (in 2.3 seconds). This setup simulates the operation of the Marx Modulator [18].

As shown in the oscilloscope results in Fig. 4.10 (a) and (b), V cap periodically varies from 300 V to 330 V. In Fig.
4.10 (c), observed over a shorter time frame, V in is a square wave, while iin, which includes multiple harmonics,
does not appear purely sinusoidal. However, it is evident that iin lags behind V cap, indicating that ZVS is achieved.
The lagging current helps to discharge the charge on the GaNMOSFET’s Coss, thus enabling zero turn-on loss. In Fig.
4.10 (d), it can be observed that is leads V out, confirming that the overall CW input impedance exhibits capacitive
behavior.
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Figure 4.10: (a,c) The experiment V in, iin, and V cap waveform. (b,d) The experiment V out, is and V cap waveform.

By calculating the input and output power of the system, we can determine the system’s efficiency.
When charging the capacitor from 0 V to 180 V:

The input energy of the WPT system is 24.359mJ, with magnetic losses in the coil amounting to 0.012mJ, transmitter
coil resistance losses of 3.1801mJ, and receiver coil losses of 1.7702mJ. The energy input to the CW circuit is 19.1588
mJ.

The energy input to the CW circuit is 19.1588 mJ, with diode losses of 0.6298 mJ and capacitor losses of 2.234 mJ.
The load capacitor receives 16.295 mJ of energy.

the efficiency of the WPT system is 78.65%, and the efficiency of the CW circuit is 85.05%, the overall is 66.89%.

Figure 4.11: Efficiency Distribution of WPT and CW when charging Cload from 0-180 V.
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When charging the capacitor from 300 V to 330 V:
The input energy of the WPT system is 24.845 mJ, with transmitter coil resistance losses of 14.351 mJ, and receiver
coil losses of 0.053 mJ. The output energy is 10.329 mJ.

The energy input to the CW circuit is 10.329 mJ, with diode losses of 0.245 mJ and capacitor losses of 0.5266 mJ.
The load capacitor receives 9.5574 mJ of energy.

the efficiency of the WPT system is 41.57%, and the efficiency of the CW circuit is 92.8%, the overall is 38.57%.
Additionally, the hard switch loss eliminated by ZVS is approximately 15.36 mJ, highlighting the necessity of imple-
menting ZVS in the system.

Figure 4.12: Efficiency Distribution of WPT and CW when charging Cload from 300-330 V.

From the analysis of the efficiency during different stages of capacitor charging, we observed that the WPT effi-
ciency is higher when charging at lower capacitor voltages. This is because, at low voltage, the capacitor behaves as
a low-value resistor, which is reflected back to the primary side as a high resistance (refer 2.1.1). As a result, most
of the voltage is dropped across this reflected resistance, with the primary coil’s parasitic resistance contributing
only a small portion, leading to relatively high WPT efficiency. However, due to the low equivalent resistance of the
capacitor, the output current of the CW circuit is relatively high, causing significant losses in the diode and the ESR
of the capacitors, thus resulting in relatively lower CW efficiency.

Conversely, when charging at higher capacitor voltages, the capacitor behaves as a high-value resistor, which
is reflected back to the primary side as a low resistance. Consequently, most of the voltage is dropped across the
primary coil’s parasitic resistance, leading to low WPT efficiency. However, due to the high equivalent resistance of
the capacitor, the output current of the CW circuit is relatively low, resulting in lower diode and capacitor ESR losses,
and thus higher CW efficiency.
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Chapter 5

Conclusions and Perspectives

5.1 Conclusions

In this thesis, our objective was to design the WPT component for a DEAA system, which required a WPT system ca-
pable of generating a 330V high-voltage output for charging capacitors. At the outset, we reviewed and introduced
four classic compensation topologies, attempting to address the challenge using simple SS-CC or SS-CV methods.
However, simulations revealed that these approaches either led to excessive current andmagnetic fields in the trans-
mitting coil or required large and densely wound coils on the receiving side, which increased secondary-side losses
and led to unstable coupling. Consequently, we shifted our focus to the Cockcroft-Walton (CW) voltage multiplier, a
circuit that can step up an AC voltage to a high-voltage DC output.

In Chapter 3, we briefly introduced the principles of the CW circuit and its internal operation modes. We then
optimized the parameters to select suitable components, balancing performance, size, and losses. The results from
both calculations and simulations indicated that the designed CW circuit achieved high efficiency.

In Chapter 4, we introduced a novel WPT compensation structure, which demonstrated better resilience to cou-
pling variations compared to the SS topology. We combined the LCC-S topology with the CW circuit and, through
analyzing the CW operating modes, proposed a method for determining the equivalent input impedance of the CW
circuit. This provided a simpler approach for designing the compensation structure. Using this equivalent circuit,
we subsequently designed and experimented with an LCC-S Based WPT Powering VM for High Voltage Capacitor
Charging system. The experimental results showed good alignment with our design expectations.

5.2 Perspectives

To improve the efficiency of the system, the simplest andmost direct approach is to reduce the internal resistance of
the WPT coils. As shown in Fig. 2.10, by increasing the coil quality factor, the efficiency is enhanced across the entire
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load range. Additionally, we can design the systemparameters so that theWPT operates with higher efficiencywithin
the equivalent load range while charging the capacitor (300V-330V). Another approach could involve using variable
capacitance [101], active rectification [102,103], or circuits such as cascode buck-boost to adjust the equivalent load
or optimal efficiency point [44], thereby ensuring that the system always operates at its highest efficiency. However,
these methods would require additional components and detection algorithms, which would increase the system’s
size.

For example, if we design both the transmitting and receiving coils to have an inductance of 16 µH and an internal
resistance of 0.2 Ω, then through simulation:

When charging the capacitor from 300 V to 330 V:
The input energy of the WPT system is 11.69 mJ, with transmitter coil resistance losses of 1.054 mJ, and receiver coil
losses of 0.044 mJ. The output energy is 10.47 mJ.

The energy input to the CW circuit is 10.47 mJ, with diode losses of 0.345 mJ and capacitor losses of 0.395 mJ. The
load capacitor receives 9.73 mJ of energy.

the efficiency of the WPT system is 89.56%, and the efficiency of the CW circuit is 92.9%, the overall is 83.2%.

Figure 5.1: Efficiency Distribution of WPT and CW when charging Cload from 300-330 V With Bigger Q Value of Coil.

In addition to the CWcircuit requiring energy transmission viaWPT, we also need to simultaneously supply energy
to 24 smaller coils, each of which transmits power to a control MCU. These MCUs are responsible for receiving ASK-
modulated signals and controlling the operation and stopping of the CW circuit and the Marx Modulator [18]. These
24 coils should be placed closely togetherwith the CWcoil tominimize the coil area, whichmeans therewill bemutual
coupling between them, as shown in the Fig. 5.2. Therefore, we can describe this system using the following Equ.
5.1, the mutual coupling between any pair of receiving coils can be considered as strong coupling, with a coupling
coefficient k = 1.
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(5.1)

Previously, some research has addressed one-to-many WPT transmission; however, these studies either neglect
the mutual coupling between multiple receiving coils [19, 104] or consider only specific coupling scenarios [105].
The case where the receiving coils are strongly coupled to each other has not yet been thoroughly investigated.
Therefore, further research is needed to determine how these 24 small receiving coils can work together with the
CW receiving coil.

In addition, the design of the shielding layer for the transmitting coil, the SAR (Specific Absorption Rate) limitations
for the receiving coils [27], and the overall heating issues of the device all require further research.
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Context
This M2 internship, under the direction of Morgan 
Almanza, optimises the power electronics and the 
wireless transmission part of this medical device, 
with the aim of making it more compact, safe and 
efficient.

Principle of Cardiac Assist Device
What is Dielectric elastomer actuator (DEA): 
Two layers of flexible electrodes sandwich a 
flexible dielectric elastomer. When high voltage is 
applied, a strong electric field compresses the 
elastomer.

What is Dielectric Elastomer Augmented Aorta 
(DEAA): 
The tubular DEA modulates its stiffness to coincide 
with the heart’s cycle [1]: 
(1) stiffening at 0 V during diastole to support 

aortic recoil, promoting the continuous flow of 
blood

(2) softening at 7 kV during systole to facilitate 
aortic expansion. 

(a) DEAA design. Reprinted from [2].

(b) DEAA working cycle. Reprinted from [1].

(c) DEAA electronic system. 
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In order to increase the power transfer capability and reduce the coil area, we need a compensation 
network to cancel the leakage inductance of the coil.

LCCL-LC Resonant Converter [4] : 
(1) coupling independent resonant frequency                 (2) load-independent output voltage 
(3)   load independent transmitter coil current                 (4) inductive reflected impedance for ZVS
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