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Abstract: This study deals with the design of a near-field wireless power transfer (WPT) system
applied to a left ventricular assist device (LVAD) to treat patients with heart-failure problems. An
LVAD is an implanted electrically driven pump connected to the heart and is traditionally powered
by batteries external to the human body via a percutaneous driveline cable. The main challenge of
wirelessly powering an LVAD implanted deep in the human body is to transfer relatively high power
with high efficiency levels. Here the optimal design of the primary and secondary WPT coils is pro-
posed to improve the performance of the WPT, avoiding possible safety problems of electromagnetic
fields (EMF). As a main result, an average power of 5 W is continuously delivered to the LVAD by
the WPT system working at 6.78 MHz with a total (DC-to-DC) efficiency of approximately 65% for
the worst-case configuration.

Keywords: deep implant; driveline infection (DLI); electromagnetic-field (EMF) safety; left ventricu-
lar assist device (LVAD); magnetic resonant coupling; wireless power transfer (WPT)

1. Introduction

In the coming years, the diffusion of advanced heart failure globally will significantly
increase. By 2030, it is estimated that 8 million Americans will be suffering from this
pathology [1]. Nowadays, organ transplantation is still the best way to treat this pathology,
but since the demand for heart transplantation dramatically exceeds organ supply, new
technologies were developed to overcome this problem. A possible solution is the adoption
of the left ventricular assist device (LVAD), which is an implanted medical device based
on an electric pump used to support the blood circulation of advanced-heart-failure pa-
tients. The continuous operation of the LVAD is ensured by batteries external to the body,
connected to the implanted device via a percutaneous driveline. The LVAD wearer has a
driveline cable protruding from the abdomen connected to an external power supply (i.e.,
batteries), usually placed in a vest or belt, as shown in Figure 1a. Unlike active implanted
medical devices (AIMDs), the LVAD has no internal batteries and continuously requires
relatively large amounts of power. The LVAD was initially designed for a short operational
period (<2 years) for people awaiting a heart transplant, but much effort is now made to
extend the duration of LVAD treatment, mainly due to the shortage of heart donors [2-7].
To prolong the life of an LVAD, some issues affecting the device need to be resolved, such
as driveline infections (DLIs) caused by the presence of the driveline exit site, which is the
main adverse event associated with use of the device [8].

The goal of this study is to develop a wireless power supply for an LVAD in which
electrical energy is wirelessly transferred from an external transmitter integrated in the
battery jacket to a receiver directly integrated into the implanted device. This solution
allows for replacing the traditional wired power connection (i.e., driveline cable) with a
near-field wireless power transfer (WPT) system based on magnetically coupled resonators.
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The challenging problems associated with this technology are the power to be supplied to
the LVAD, range, tolerance for misalignment between transmitter and receiver coils, and
the rapid decrease in efficiency that occurs as separation distance increases, even due to

the presence of biological tissue.
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Figure 1. Configuration of a traditional powered left ventricular assist device (LVAD) using (a) percu-
taneous driveline cable and (b) with integrated wireless power system. The angle 0 is the inclination
of the LVAD with respect to the axis of the primary coil.

There are many papers in the literature on the use of WPT technology to recharge
AIMD batteries, which require low power and are subcutaneously implanted (e.g., pace-
makers) [9-11]. Only a few studies delas with possible applications of WPT technology to
deep high-power implants such as LVADs [12-20].

The solution proposed in [15] is based on a wireless coplanar energy-transfer system
where the receiver unit has significant size and is implanted around the lung. The main
disadvantage of this configuration is complexity, mostly for the implantation procedure.
Simple architectures areproposed in [16-18] to power the LVAD, but no results are given
regarding thermal and electromagnetic-field (EMF) safety. In [18,19], analysis only focuses
on the influence of coil misalignment and on tissue heating. Two possible WPT solutions
are proposed in [20]: (1) a subcutaneous receiving coil connected to the LVAD by a short
driveline, completely inside the human body; and (2) an LVAD with a receiving circuit
and coil, both integrated on it, as shown in Figure 1b. In this paper, the second solution
is developed and extended. Section 2 outlines the materials and methods, including a
detailed description of the LVAD characterization and the specifications of the WPT system.
Then, the optimal design is validated by field and circuit simulations, and the obtained
results are discussed in Section 3.

2. Materials and Methods
2.1. Main Design Specifications of WPT System for LVADs

Challenges in the design of a WPT system for LVADs include the following critical aspects:

(1) The LVAD, deeply implanted in the human body and attached to the left ventricle
of the heart, must be continuously powered with 5 W of average power and 20 W of
peak power under any operating condition;

(2) The WPT transmitter must provide a fairly uniform field over a relatively large region,
as the exact location of the implanted LVAD depends on the physical conformation of
the patient;

(3) Implanted WPT components must be very compact and light to be easily integrated
into the LVAD;

(4) The WPT system must comply with electromagnetic-field (EMF) safety standards
and regulations.

To meet all these requirements, the design and optimization of the WPT coil system
is very important in order to find the best trade-off between performance, size, weight,
and safety.
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2.2. LVAD Characterization

The LVAD is a high-power implant that is deeply implanted in the human body. The
hydraulic pump is driven by a brushless DC electric motor that permits to adjust flow and
blood pressure with high precision. Traditionally, the electric motor of the implanted pump
is powered by an external battery. Here, a wireless power system is proposed to overcome
the DLI problem. Initially, experimental tests on a real LVAD were needed to know the
exact behavior of electrical quantities over time, since this knowledge plays a key role
in the proper design of a wireless charging system. An experiment was then performed
to measure electrical quantities in a commercial LVAD (Abbot HeartMate III [21]). To
this aim, a simple mock circulatory loop (MCL) was built to simulate the real working
conditions of the device. The MCL was composed of several components as shown in
Figure 2. A liquid tank with maximal capacitance of 2 L was used as reservoir. The liquid
tank was connected to the LVAD using a transparent polyvinyl chloride (PVC) tube with
an internal diameter of 19 mm. To measure volumetric flow through the hydraulic loop, a
hall-effect-based flow sensor was placed between tank and LVAD pump. The PVC tube
was connected directly to the inlet port of the pump, fixed in a horizontal position. At
the outlet port of the LVAD, digital pressure sensor Honeywell ABPDANTO005PGAA5
was used to measure liquid pressure at the outlet port. The outlet port was connected
through 40 cm of the same PVC tube to the clamp resistor. This last was composed of
an electro-actuated valve that permitted to modify loop hydraulic resistance in real time
to maintain physiological pressure. The blood was simulated adopting an equivalent
viscosity fluid composed of 35% glycerin and 65% water. An electronic acquisition system
was used to record MCL and LVAD parameters. The acquisition system was based on an
Atmel ATmega328 microcontroller, which acquired data from the liquid-flow and pressure
sensors. It was also used to adjust the setting of the clamp resistor. The acquisition system
monitored electrical parameters in terms of voltage and pump current. For this scope, an
INA219 acquisition IC with a 10 m() shunt resistor was adopted. Acquired data were sent
to the PC via USB connection for postprocessing. Electrical and hydraulic parameters were
recorded for several operation conditions. The pump was programmed with a rotational
speed of 5500 rpm, and the valve was adjusted to obtain mean liquid pressure of 60 mmHg.
Real-time electrical data in terms of transient voltage, current, and power, and hydraulic
data in terms of pressure were recorded for a period of 1 s. Measured results (pressure,
current, voltage, power) are shown in Figure 3. Mean power requested by the device
was Pryap =4.95 W with DC voltage level Viyap = 14 V. Thus, the LVAD in our study is
modeled as a simple resistor of a value of R, = Vivap?/Pryap = 40 Q.

Digital pressure sensor

\ LVAD /

Figure 2. Mock circulatory loop used to characterize LVAD power requirements.
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Figure 3. Measured transient hydraulic and electrical quantities (pressure, current, voltage, power).

2.3. Wireless Powering System

WPT systems are traditionally divided into two main categories: far- and near-field
WPTs. Far-field systems are based on microwave energy transfer where electrical energy is
transmitted by electromagnetic field at a radio frequency (RF). The near (inductive) WPT
field is mainly based on magnetic-resonance technology where energy is transferred by the
magnetic field produced by coils. In biomedical applications, especially when significant
power is required by the implanted device, near-field WPT is the most suitable technology
because it reduces coil losses and is less sensitive to biological tissues attenuation than RF
waves. [22]. Thus, in the following, a near-field WPT technology is adopted.

2.3.1. Near-Field WPT System

A simplified equivalent circuit of a near-field WPT system is shown in Figure 4, where
two coils are modeled by self-inductances (L; and L,) and resistances (R; and R;). The
coupling between inductors is modeled by mutual inductance M. The coupling factor k is
defined as

M
k= 1)
VLiLy
|1 Rl R2 |
=Rs C1 M C: ’
Vi L. L, V. =R.
S
° o2

Figure 4. Equivalent circuit of wireless-power-transfer (WPT) system with series—series (SS) compen-

sation topology.

To improve the performance of the system, the resonance condition is obtained by
compensating the inductive reactance of primary and secondary coils by the capacitors.
The simplest topology of the compensation network is typically realized with capacitors
connected in series or in parallel [23,24]. In the series—series (SS) compensation topology,
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capacitors are series-connected on both transmitting and receiving sides. The simplified
equivalent circuit is powered by a sinusoidal voltage source Vg with internal resistance Rg,
and the load is modeled by power resistor R;, at resonance. The lumped parameters of
the coils can be analytically calculated or, in the case of a complex configuration, can be
numerically calculated at the frequency of interest solving magnetoquasistatic (MQS) field
equations by the finite-element method (FEM) [25]. Then, parameters of compensation
capacitors C; and C; are calculated as described in [26]. Analysis of the WPT equivalent
circuit, performed by circuit simulators or MATLAB code, permits to calculate the electrical
performance of the system in terms of efficiency # and transferred power Py to the load.
Efficiency 7 is the ratio between real power P;, on the load and input real power P; at port
1-1’ of the equivalent circuit.

2.3.2. Selection of Operational Frequency

For a near-field WPT applied to a deep implant, the selection of the resonance (opera-
tional) frequency is very important. The coil coupling in a near-field WPT is based on the
Faraday law of induction. A previous work [26] showed that the optimal frequency for a
deep implant is around f = 4 MHz to obtain the maximal electromotive force for a small
coil located well inside the human body within the limits of EMF safety. However, since
4 MHz is not in the unlicensed frequency band, the industrial, scientific, and medical (ISM)
frequency of 6.78 MHz was adopted for the proposed application, which is the closest ISM
frequency to 4 MHz. After selecting the operational frequency, the next problem is the
definition of the most suitable configuration of the WPT coils. The design of the primary
and secondary coils is described below.

2.4. Primary-Coil Design

The goal of the primary coil design is the maximization of the time-varying mag-
netic field in the area where the device is implanted (i.e., attached to the heart) without
exceeding the EMF safety limits [27], that at the considered frequency is mainly the specific
absorption rate (SAR), since it is more critical than the internal electric field E in this type
of configuration [24]. To this aim, an extensive investigation was performed to find out the
primary coil configuration suitable to maximize the magnetic field in a desired area (where
the LVAD is located) without exceeding the SAR inside the human tissues. The primary
coil configuration is given by several planar loops that lie on the same axis and are stacked
so that their planes are parallel to each other. The loops are series connected and are wound
around the human trunk. This large coil configuration permits to obtain a good penetration
of the magnetic field inside the human torso and it is very suitable when the implantation
depth is significant. The primary coil design requires the definition of the number of
turns N and the intra-turns spacing s; (see Figure 5a). A simplified configuration of the
trunk shown in Figure 5b was considered to find the maximum coil current I; that allows
compliance with EMF safety standards, while assuring a satisfactory magnetic field level
at the receiving coil position. The torso was modeled as a multilayer elliptic cylinder with
semi-major axis sgmuax = 180 mm, semi-minor axis Sy, = 140 mm, and height H; = 300 mm.
The cylinder outer dimensions were derived from an adult male body conformation [28,29].
The multilayer domain was made of three frequency-dispersive biological tissues: the
inner depth muscle and two thin external layers of fat (d; = 3 mm) and skin (dg;, = 2 mm).
The dielectric properties of muscle, fat and skin at 6.78 MHz were taken from [30]. Each
loop of the primary coil was elliptical (semimajor axis Seuax = 185 mm, semiminor axis
Semin = 145 mm) and was lain in the horizontal plane (xy plane), i.e., the elliptical cylinder
axis coincided with the vertical z axis. The 3D configuration was analyzed by finite-element
method (FEM) software solving magnetoquasistatic (MQS) field equations in the frequency
domain. The International Commission on Non-Ionizing Radiation Protection (ICNIRP)
guidelines establish a maximal admissible SAR of 2 W /kg averaged on 10 g of contiguous
tissue in the human trunk at the considered frequency for the general public [27]. In our
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investigation, on the basis of a precautionary condition, the SAR was not averaged, and
calculated as follows:
cE?
SAR = — 2
0

where E is the rms norm of the electric field; and p and ¢ are the mass density and
conductivity of the tissue, respectively. Point p shown in Figure 5a, located at a distance
dp = 10 cm from the internal surface of the elliptical cylinder, was assumed to be the worst-
case position where the LVAD might be implanted, and it is therefore the point where
the magnetic field must be maximized. The maximum distance d, = 10 cm was obtained
from the body conformation of an adult male [28]. The optimal primary-coil design was
found using the following two-step procedure. First, the maximum excitation in terms of
magnetomotive force MMF; = N1I; was found by varying the number of turns N1 and
the spacing s; of the primary coil, as to comply with the SAR limit. Then, for each coil
considered configuration, the magnetic-flux density B; was derived at point p, where the
LVAD is implanted. The configuration of these, providing the maximum magnetic flux
density Bj .y, Was selected as the optimal. In the first step, the maximum MMF; that did
not produce SAR > 2 W/kg was computed for different values of N1 and s1, as shown
in Figure 6. The maximum intraturn spacing and number of turns were constrained at
51 = 0.18 m and Ny =4, respectively, while the maximum possible trunk height was set at
0.54 m. For each primary-coil considered configuration, the magnetic-flux density was
calculated in point p as shown in Figure 7. The optimal coil configuration providing By gy,
has N1 =2 and s; = 0.08 m. In this case, the maximum admissible magnetomotive force
MMF} 0 = 14 At was derived from Figure 6. The maximum current flowing in the two
turns with 8 cm of separation of the primary coil was Iy yqx = MMF1 40/N1 =7 A. Adopting
this optimal primary-coil excitation, the field distribution inside the simplified torso was
calculated and the map is shown in Figure 8.

Transmitting
coils

(a)

Figure 5. (a) Primary-coil geometry for Ny = 3. (b) Simplified torso configuration with primary coil.



Electronics 2021, 10, 874

7 of 13

.
—_ — N1=2 It

5
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
s, [m]

Figure 6. MMF; versus intraturn spacing s; that produces maximum admissible SAR =2 W/kg
inside human torso.
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MMF; that, for each configuration, is compliant with SAR limit of 2 W /kg inside human torso.
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Figure 8. Magnetic-field distribution inside trunk for N7 = 2, s1= 0.08 m and MMF; = 14 At.
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2.5. Secondary-Coil Design

The LVAD was modeled as a titanium hollow cylinder with external radius r; = 25 mm
and height h; = 30 mm. The receiving coil was wound around the titanium cylinder
with radius 7. = 26 mm and height h; = h; = 30 mm (see Figure 9). To improve the
magnetic coupling and avoid losses on the titanium housing due to eddy currents, a thin
layer of ferrite with thickness t,,,; was mounted between housing and receiving coil. A
preliminary investigation was first performed to find the optimal number of secondary-
coil turns N». Then, the electromagnetic configuration in terms of ferrite thickness ¢
and intraturn spacing s, was analyzed. The maximal reduction in ferrite is a significant
challenge to reduce the weight and dimensions of the WPT system. In order to find the best
configuration in terms of secondary-coil turn number N, the optimization of the quality
factor of the coil was considered. The quality factor Q, is defined as

- sz

QZ - R_2/ (3)

where L, and R; are the secondary coil self-inductance and resistance, respectively. In
this test, fixed intraturn spacing s, = 1 mm, ferrite thickness ¢4, = 0.5, and coil thickness
t. = 0.5 mm were considered.

Titanium housing Coil Axis of  Receiving Coil ;
simmetry \ B
e

Titanium eylinder

h
ra ¢

sIEE S Em =
L
b

Magnetic shield

@) (b)

Figure 9. 3D model of the LVAD with secondary coil (a) and 2D axially symmetric secondary coil
configuration (b).

For each combination of the variables, a simulation was carried out, and the coil
lumped parameters were calculated by Ohm’s law. The maximal value of N, was fixed to
Nomay = 10 to avoid excessive reduction in copper trace width, and consequently excessive
heating. The obtained results shown in Figure 10 demonstrate that the configuration with
Nj =10 permits to obtain the maximal value of Q.

45 ; : : , : : :
o~ 40 | R
35
30t - .

Quality factor Q

20 ~ .
s

1 5 L I L L 1 I L 1

Figure 10. Quality factor Q, of the receiving coil versus N3, adopting fixed values of intraturn spacing
sp = 1 mm, ferrite thickness t,,¢ = 0.5 and coil thickness t. = 0.5 mm.
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Then, optimization was focused on the definition of intraturn spacing s, and ferrite
thickness t;qg. The goal was to maximize Q, varying s; in the range of 0.1—1 mm, and
ferrite thickness tmag in the range of 0.1 -2 mm. Maximal s, was constrained by the minimal
trace width to tolerate the secondary-coil current without producing excessive heating.
The coil trace width was calculated as

_ he— s2(Np — 1)

We
N

, @)
keeping total coil height k. fixed. The results of the described parametric analysis are
shown in Figure 11, and clearly highlight that the optimal Q, occurred for t;5; = 1.24 mm
and s, =1 mm.

75
70
65
60

mag

55

50

45

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
mm ]

Figure 11. Map of the calculated quality factor Q5.

3. Results

The electrical performance of the wireless powering system was evaluated in terms of
efficiency # and transferred power P;. As a first test, the simplified circuit shown in Figure 4
was analyzed [24]. The load was assumed to be a resistor Ry =40 Q). The coil configurations
described in the previous section were adopted. According to the results of Section 2.4, the
primary coil was realized with 2 series-connected loops separated by distance s; = 80 mm,
adopting 3 turns for each loop (i.e., N1 =3 X 2 = 6) to reduce current I;. The secondary coil
was designed as described in the previous section assuming that N, = 10. The calculated
self-parameters of the coils were L; =31.9 uH, R; =0.2 ), L, =10.2 uH, Ry, =5.14 Q). The
coupling factor was calculated considering three different LVAD inclination values 6, from
0° to 60°, with 6 being the angle between the axis of the elliptical cylinder and the axis
of the LVAD when considering it to be cylindrical. The obtained results by the MATLAB
implementation of the circuit equations in terms of input and output voltages are reported
in Table 1. The system maintained good electrical efficiency even for a significant inclination
(6 = 60°). Then, analysis of system performance was carried out considering variation in
implantation depth dy. The magnetic coupling and electrical quantities were calculated
for different values of dy, from 6 to 14 cm. The obtained results, reported in Table 2,
demonstrate that implantation depth d, did not significantly alter system performance.

Table 1. Electrical quantities vs. device inclination (6 angle).

6° k I; (A) I (A) Vi1 (V) V2 (V) Ul
0 0.037 0.47 0.35 12.3 14.2 0.86
30 0.032 0.55 0.35 10.7 14.1 0.85

60 0.019 0.95 0.35 6.6 14.1 0.79
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Table 2. Electrical quantities vs. implantation depth d,, for 6 = 30°.

dp (cm) k I (A) I, (A) V1 (V) V3 (V) n
6 0.039 0.46 0.35 12.7 14.1 0.86
8 0.035 0.51 0.35 11.5 14.1 0.85
10 0.032 0.55 0.35 10.7 14.1 0.85
12 0.026 0.69 0.35 8.7 14.1 0.83
14 0.022 0.81 0.35 7.5 14.1 0.81

Then, a more realistic configuration of the WPT system that included the power con-
verters was considered and analyzed by SPICE. The equivalent SPICE circuit is shown in
Figure 12. For each capacitor and inductor, an equivalent-series resistance (ESR) of 10 m)
was considered. Excitation was performed by a high-frequency electronic inverter, while
the load was modeled by a rectifier and a resistance. The high-power square signal was gen-
erated by a full-bridge MOSFET inverter. This inverter topology, which can be considered
a D-class amplifier, permits a reduction in losses and very accurate control of the driving
signal. Specifically, there were two main losses: conduction losses and switching losses.
Conduction losses describe resistive losses during the conduction period of transistor R oy,
while switching losses occur during the on—off and off-on transitions of the switch. At
higher frequencies, such as 6.78 MHz, switching losses become dominant, significantly
reducing the efficiency of the system and increasing power losses on the transistor. To this
aim, gallium nitride (GaN) transistors were considered (model EPC2023) [31-34]. To drive
the four GaN MOSFETs of the bridge, two independent square signals were used. On a
real circuit, the signal could be easily obtained by dedicated drivers. The driving signals of
MOSEFETs X; and X, were in quadrature with the signals of MOSFETs X, and X3.

/" Taverter \ ( Coupled coils and ) / Rectifier and load \

VCC_BAR .
compensation network
R11 X
L P — -
AAA
——AW 7| GATEIN SOURGCEIN |
viz 9, g-ﬂ—\i‘ ; DRAININ LY
[ ™
TD=0 COUPLING = 0.019
TR = 1x1070 EPC2023 b1
TF = 1x107° . ESR Cc1 C1 ESR ce_ b
PW =0.7x10" 7
PER = 1.4749x10°7 /—0—4}—| r /
R12 Xz s 551pF D2
A 1 e et | -
vizo W 5| GATEIN SOURCEIN | 1220F |/ 4 L s = Rioad
v2=10 (0 1 DRAININ 45 u _) L2 ‘ 10n ‘? 40
\ p <
roz7sgyor N £ 3% 0>
TF = 1x107° — — N T )
PW = 0.7%1077 0 0 R1 R2 Y
PER = 1.4749x10°7 VCC_BAR A o
- VWA— D4
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R14 3 06 110m A
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Vi=0 Lva Y 2
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R15 X4
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_ o — YWy 3 f
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=0 wAY
$2 = 1107 o EPC2023
TE=1x10"0 = =
PW =0.7x1077 0 0

QER =1.4749x10°7 /

Figure 12. Equivalent circuit with electronic components.

A small dead time was introduced between the commutation of the two feeding
signals to avoid short circuit during the transition phase between the upper and lower legs
of the bridge. The power delivered to the load could be adjusted in several ways, but the
simplest and most accurate method was based on the regulation of DC voltage before the
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inverter. The high-frequency signal induced on the secondary coil was converted into DC
by a full-wave rectifier composed of four GaN diodes. A capacitor C,,+ = 10 nF was adopted
to smooth the output signal. The LVAD was modeled as a simple resistor Ry, =40 (). Lastly,
system performance was calculated considering the SS compensation with C; = 12.2 pF and
C, =55.1 pE Input voltage was adjusted to obtain a load power of Py =5 W. The worst-case
condition was considered adopting a device inclination 6 = 60°. Currents I; and I, are
shown in Figure 13a, while voltage V;, at the input of the WPT system and voltage V,,:
at the output before the rectifier are shown in Figure 13b. Overall efficiency from the DC
source to the resistive load was 1ot = 65%. Power losses on the inverter and on the rectifier
were 16% and 5%, respectively.

10Uy

VU

-10U

-1.8A —

65.088us 65.05us 65.18us 65.15us 65.28us 65.25us 65.308us 65.35us 65 .408us
1 m 12

Time

(b)

Figure 13. Waveforms of (a) input and output voltages and (b) coil currents.

4. Conclusions

A feasibility study to power an LVAD using near-field WPT technology was presented
assuming a wearable transmitting coil and a receiving coil integrated in the implanted
device. The numerical investigation demonstrated that an LVAD can be successfully
equipped with a WPT system to be continuously powered, assuming operational frequency
of 6.78 MHz. The application of WPT technology could produce real clinical improvement,
as DLIs, which are the most serious complication in patients with LVAD implanted starting
one year after implantation, are strongly reduced. The optimization of the project has
improved the performance of the system in terms of efficiency and power transferred in
compliance with the EMF safety limits. As a main result, an average power of 5 W is
continuously supplied from the WPT system to the LVAD with a DC-to-DC efficiency of
approximately 65% for the worst case configuration. The WPT coupling efficiency depends
on implant depth and LVAD orientation, but a typical value of around 84-85% was found,
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while power losses on the inverter and on the rectifier were estimated to be around 16%
and 5%, respectively.
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