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Performance Evaluation of Series-Compensated IPT
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Abstract— Today’s implantable mechanical circulatory sup-
port devices, such as Left Ventricular Assist Devices (LVADs)
still rely on a percutaneous driveline, which is a frequent cause
of severe infections and which reduces the quality of life for
the patients. Inductive Power Transfer (IPT) is therefore a
promising technology to replace the driveline and hence, reducing
the likelihood of an infection. The focus of this paper is on
the series-series compensated IPT system and provides an in-
depth comparison of two operating modes, i.e. the operation at
resonance and the operation above resonance, and highlights the
advantages and disadvantages with respect to the requirements
set by the application at hand. In addition, the paper presents
the design and the realization of a fully functional TET implant
hardware prototype, which includes the IPT front-end, the
control circuit, the backup battery and its charging converter,
as well as the communication electronics in a boxed volume of
only 10.3 cl. The experimental verification shows that overall DC-
DC efficiencies of up to 90 % can be achieved for both operating
modes when transmitting 25-30 W from the external battery to
the implant backup battery, each having a nominal voltage of
14.8V, using TET coils with 70 mm diameter and 10 mm coil
separation distance.

Index Terms—Transcutaneous energy transfer, inductive power
transfer

I. INTRODUCTION

Concurrently to the ageing society in the industrial nations,
the number of people suffering from severe heart failures has
increased. At the end stage, a heart transplantation is often
the only effective treatment. However, the number of suitable
donor hearts is limited. The recently published Eurotransplant
Annual Report 2016 [1] shows, that since 2003, the number of
patients awaiting a donor heart has almost doubled, whereas
the number of heart transplants has stagnated since then.
This trend promoted the further development of implantable
Mechanical Circulatory Support (MCS) systems, such as Left
Ventricular Assist Devices (LVAD). Fig. 1(a) shows the il-
lustration of a typical MCS system with an implanted LVAD
that allows to support the weakened heart and to maintain
the regular blood circulation in the human body. A major
problem with today’s LVAD therapy is the risk of severe
infections, which are likely to occur at the exit site of the
percutaneous driveline, which is used to power the blood pump
[2]. The evaluation of the INTERMACS registry data in the
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Figure 1: (a) Mechanical Circulatory Support (MCS) system as it
is used today, including the LVAD and the percutaneous driveline,
which is required to power the implanted blood pump. (b) Fully
implantable MCS system, incorporating a Transcutaneous Energy
Transfer (TET) system, i.e a wireless energy transmission system
for powering the LVAD.

period from 2006 to 2010 by Goldstein et al. [3] has shown,
that after the first year, still 19 % of the 2006 patients who
received the HeartMate II LVAD have suffered from a driveline
infection, with a mean time 6.6 months until the percutaneous
site infection occurs.

Consequently, Inductive Power Transfer (IPT) technology
has emerged as a promising solution for powering the LVAD
without the need for a galvanic contact [4], as it is illustrated
in Fig. 1(b), and allows to implement a Transcutaneous
Energy Transfer (TET) system as a next step towards a fully
implantable MCS system. The basic structure of a typical TET
system is shown in Fig. 2. The key part is the IPT system
including an inverter, a rectifier and the IPT resonant circuit,
including the energy transmission coils. The TET system
further contains the power management circuit, i.e. additional
DC-DC converter stages, which are needed to control the IPT
system. On the secondary side, a backup battery is included
that allows for a temporary completely untethered operation of
the implant. Today’s state-of-the-art LVADs have a continuous
power consumption of 4-12W [5], [6], but for bi-ventricular
support or in case of a Total Artificial Heart (TAH), the power
consumption can be significantly higher. Therefore, the TET
system described in this work is designed for a total power
transfer capability of up to 30W, in order to allow for the
operation of the LVAD and the simultaneous charging of the
implanted backup battery.

In addition to the power management system, the TET
system includes one or more uni- or bidirectional wireless
communication interfaces, which allow for a feedback control
of the IPT system and can be employed for transmitting
physiological sensor data, which can be utilized for controlling
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Figure 2: Basic power management concept of the Transcutaneous Energy Transfer (TET) system.

the LVAD. The power electronic inverter, which is used to
drive the LVAD is either connected in parallel to the internal
backup battery, or directly to the output of the IPT system,
depending on the selected system topology.

The requirements for the TET implant are particularly
challenging and the design targets and optimization objectives
are briefly summarized in the following:

« Energy efficiency is the major performance characteristic
of the TET system. Specifically for the targeted power
transfer levels at hand, high power losses within the
implant or the energy transfer coils can cause discomfort
to the patient, or in case of excessive heating, may even
cause permanent tissue damage.

« Coil misalignment has a big impact on the IPT system
performance, since the magnetic coupling of the energy
transfer coils is directly related to the geometric arrange-
ment of the two coils. For the application at hand, it is
expected that the nominal distance between the perfectly
axially aligned coils is 10 mm, but the system must be
designed to allow for coil separation distances of up to
20-30 mm.

« System volume is a critical parameter for all implantable
medical devices. Considering the number and the vol-
ume of the electronic components (cf. Fig. 2),
TET system implant volume will be considerably larger
than today’s pacemakers or Implantable Cardioverter-
Defibrillators (ICDs).

o System reliability is particularly important, since in
this case, the implant has to continuously process a
considerable amount of electrical power and a failure
within the implanted electronic system is immediately
life-threatening and provokes a surgical intervention.

« System safety is closely related to the system reliability.
Due to the high power transfer capability, several safety
risks are associated with the TET system operation,
such as high operating voltages within the IPT system,
excessive heating of the tissue or the exposure of the
human body to strong electromagnetic fields.

In the past, several prototype IPT and/or TET systems for
MCS system have been designed and were tested at different
stages of development, but up-to-date no TET system is on the
marked and approved for clinical use. Tab. I gives an overview
of the IPT system implementations found in the literature [7]-
[16] and summarizes the main characteristics, such as the IPT

year of prim.  sec. core coil operating output DC-DC
publication | coil @ coil @ material distance frequency power efficiency
(mm) (mm) (mm)"  (kHz) W) (%)

1993 [7.8] | 90 66 none 15 437 18 76
2000 [9] 90 60 none 14 430 36 61
2006 [10] | 90 72 ferrite 20 160 27 86
2009 [11] | 64 64 ferrite 20 285 24 89
2009 [12] | 92 53 ferrite 15 163 20 85
2010 [13] | 50 50 none 20 200 15 84
2012 [14] | 65 50 none 20 386" 15 79
2014 [15] | 95 55 none 20 790 16 82
2015 [16] | 88 66 none 15 600 29 84

T coil separation distance at perfect axial alignment.
f presumed from the specifications given in [14].

Table I: Specifications and performance overview of previously
developed TET systems for the use with MCS systems [7]-[16].

coil diameter, coil separation distance, output power, operating
frequency and the achieved DC-DC efficiency at the specified
operating point. It is important to note that a direct comparison
of the different IPT system designs is difficult and in most
cases would be unfair. Hence, Tab. I serves more to give
the reader an impression of the range of the key design and
performance parameters achieved in the past.

It was shown in [17] that the series-series compensated
IPT circuit topology outperforms the secondary side parallel
compensated systems for the considered maximum output
power of 30 W. Therefore, the focus of this paper is on the
performance evaluation and the comparison of two operating
modes of the series-series compensated IPT system. The oper-
ating modes are comprehensively compared regarding several
performance metrics, such as the energy transfer efficiency,
the secondary side coil power loss and the secondary side coil
voltage stress. Each operating mode is investigated in detail
in Section II, and the control concept for the IPT system
and the proposed overall TET system topology is explained
for the both operating modes. In Section III, the hardware
realization of the TET implant prototype is presented and
Section IV shows the performance measurements of the TET
system. Concluding remarks are given in Section V.

II. SERIES-SERIES COMPENSATED IPT SYSTEM

The design and the operation of the series-series compen-
sated IPT circuit topology, which is shown in Fig. 3(a), is
described in detail in [17], [18] and is intuitively explained in
the following for the two considered operating modes.
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Figure 3: (a) Series-series compensated IPT resonant circuit topology and transformer equivalent circuit. (b)-(c) Equivalent circuit for the
series-series compensated topology operated at the resonant frequency (denoted as SSR operation) and the same circuit designed for operation

above the resonant frequency (d)-(e), (denoted as SSU operation).
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Figure 4: (a)-(b) Typical voltage transfer characteristics and phase
angle of the input impedance of the series-series compensated IPT
circuit topology, calculated for different coil coupling factors and
the IPT system specifications provided in (c), given an output power
range of 5-30 W and a constant output voltage of Upc,2 = 37.4V.

A. Operation at Resonance

For the operation at the resonance frequency of the IPT
resonant circuit, the impedance of the self-inductance of the
primary and secondary IPT coils are fully compensated by the
resonant capacitors at the desired operating frequency wgy =
27 fo, as indicated in Fig. 3(b). Accordingly, the compensation
capacitors are selected according to

1

Ci= ——
‘ wSLZ ’

€[1,2]. M
In the following, this particular mode of operation is referred
to as SSR operation. The equivalent circuit at the operating
frequency is depicted in Fig. 3(c), which reveals the current
source behaviour of the IPT resonant circuit, i.e. at a fixed
coil coupling, the secondary side coil current is independent
of the load resistance Ry, o and can be controlled directly by
adjusting the input voltage u; according to
LYy
@2 - JUJO M )
where M = k+/LiLs denotes the mutual inductance of the
magnetically coupled IPT coils. The input impedance Z;, at
the operating frequency depends on the load resistance and on

@

the coil coupling factor and is purely resistive, i.e. the input
voltage u; and the input current 7, are in phase, independent
of the operating conditions. Typical voltage transfer charac-
teristics of the series-series compensated IPT circuit topology
are shown in Fig. 4(a) and (b), calculated for different coil
coupling factors and the IPT system specifications provided in
Fig. 4(c), given a variable load resistance and a constant IPT
system output voltage. The specific voltage transfer charac-
teristics of the SSR operation are clearly visible in Fig. 4(a),
such as the purely resistive input impedance at the operating
frequency fo ssr, indicated with (A), and the large voltage
gain variation (B), which is due to the current source behaviour
of the system.

Assuming a lossless operation of the resonant circuit as well
as purely sinusoidal primary and secondary side coil currents
with the peak values I, and I,, the simplified equivalent circuit
in Fig. 3(c) can be used to calculate the power that is delivered
to the resistive load, as shown in [18]

. 1UL,Ua)
= - 22) et 3
3 ; 3

1 N
Py = ~woMI) I =
2Tl wo M
Us,a1)

where U1,(1) and Ugy(l) denote the magnitude of the fun-
damental frequency component of the resonant circuit input
and output Voltage which can be calculated approximately
with Uﬁ(l) = UDCZ, i € [1,2], if a full-bridge rectifier
and inverter stage with perfectly rectangular input and output
voltage waveforms are assumed. Consequently, the equation
for the output power (3) can be rearranged to

8 U U

- 5 tocalibcs 0
According to (4), the primary and/or the secondary side
DC-link voltages Upc,1 and Upc,2 can be used to control
the transmitted power [18]. As mentioned above, due to the
current source behaviour of the SSR system, the secondary
side DC-link voltage Upc,2 can be impressed and/or adjusted
by the subsequent converter stage [18], and hence allows to
control the equivalent load resistance 2y, o4 of the IPT system.
The total reactive power, that is provided by the resonant

capacitors, is given by

gt = 2 (1 5)
Gtot = 4C1 T gCc2 = 2RLcq 12 ~ s
——

Py
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Figure 5: TET system topology using the efficiency optimal control
for the series-series compensated IPT system operated at resonance
(SSR) [18].

where the factor v is referred to as load factor and is defined
in [19] with
V= (6)

The power transfer efficiency of the IPT system is maxi-
mized, if the total reactive power in (5), and hence, the primary
and secondary side coil RMS currents, are minimized [20],
which is achieved for the optimal load factor given by

Yopt,SSR. = k. (7)

In order to achieve an efficiency optimal operation, the load
resistance that is presented to the IPT resonant circuit must be
adjusted depending on the output power level and the coil
coupling factor. This principle of operation is referred to as
efficiency optimal control and is described in detail in [18]. A
brief summary will be given in the following.

Assuming sinusoidal primary and secondary side coil cur-
rents and employing a full-wave rectifier at the output of the
IPT resonant circuit, a very simple equivalent load model [21],
i.e. an equivalent load resistance
8 Ubc,

RL’eq - P P2
can be used to model the load together with the full-wave
rectifier.

Combining (6),(7) and (8), the optimum IPT system output
DC-link voltage setpoint is calculated according to

X w2
Ubc,2,ssr = 1/ §P§kwoL2 , )

which is required to provide the load matching for any output
power level and coil coupling factor [18]. The input DC-link
voltage setpoint Uy ; is then calculated with [18]

®)

L
* *
Upc,1 =/ —Upc,2 -

i (10)

The implementation of the efficiency optimal control accord-
ing to [18] is illustrated in Fig. 5. Additional filtering stages
which are required to protect the battery from large voltage
and current ripples are not explicitly shown in the figure. A key
requirement for the controller implementation is the estimation
of the coil coupling factor k, which is needed to evaluate equa-
tion (9). The coupling factor can be deduced from equation (3),
using the measurements of the output power and the primary
and secondary side coil current amplitudes. Accordingly, the
optimal IPT system output voltage Uy 5 ggg, calculated with

http://dx.doi.org/10.1109/TPEL.2018.2822722

equation (9), is set by the secondary side DC-DC converter,
in order to set the optimal load resistance for the IPT circuit.
The output power setpoint P; is then maintained by adjusting
the primary side DC-link voltage Upc,;. As stated in [18], the
dynamic performance of the SSR system can be improved by
including a feed-forward of the primary side DC-link voltage
Ube,1 according to (10).

An interruption of the communication between the primary
and secondary side, or a fault condition on the secondary side
with a rapid change of the load condition can result in a high
voltage at the output of the SSR system, which is due to the
large voltage gain of the resonant circuit, and hence, raises
questions about the operational safety of the SSR IPT system.
In addition, since the input and output voltage vary over a
wide range above and also below the primary and secondary
side battery voltage range of 12-16.8V, a buck-boost type
DC-DC converter is needed on either side of the IPT resonant
converter, as illustrated in Fig. 5. In this case, the input voltage
of the motor inverter is clamped to the battery voltage and
during the battery charging process, both the charging power
and the power to drive the LVAD must be supplied by the
secondary side DC-DC converter. Consequently, the inductor
of the DC-DC converter must be designed for the maximum
power rating and hence, a relatively large inductor volume is
needed in order to reduce the power loss in the implant.

B. Operation above Resonance

A special case of the series-series compensated IPT circuit
topology is the operation above resonance at the operating
frequency fo ssu, which allows for an operation with load
independent voltage gain, as reported in [11], [22]-[24], and
which is indicated in Fig. 4(a) with (C). In order to operate
the system at this specific operating point, the compensation
capacitors are designed according to

1

Ci - w%Lz(l — ko) ’

ie1,2], an
where the factor ky denotes a design parameter that will
become more clear in the following. In this case, only a
part of the impedance of the primary and secondary side coil
self-inductances is compensated at the operating frequency
(cf. Fig. 3(d)). The basic operating characteristics can be
derived from the equivalent circuit shown in Fig. 3(e) and

the relationship between the input and output voltage is given

by
) k2 _ k /L
ulzw()(kOLl—]%Ll)-zﬁlm,/L;.ug. (12)

The first term in (12) is cancelled if £ = kg. In this case,
the voltage gain of the resonant circuit becomes

_ .|
k=ko L

and is synonymous with the operation for load independent
voltage gain. Furthermore, unity gain is achieved if the pri-
mary and the secondary side coils have equal self-inductances,
and is referred to as SSU operation. Note that in the following,
the operation of the series-series compensated IPT system

Gl = |32

G, |

13)

Uy
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operated above the resonant frequency around the frequency
for load independent voltage gain is always referred to as
SSU IPT system operation, regardless of the actual gain of
the resonant circuit.

Further note, that with a fixed operating frequency fo ssu,
the load independent voltage gain can be achieved only for
k = ko, as shown in Fig. 4(a). If the coil coupling factor
k increases, the point of load independent voltage gain will
move towards higher frequencies, as shown in Fig. 4(b).

As described in [25], for equal and large coil quality factors,
i.e. @1 = Q2 > 100, the optimal load factor y,p¢,ssU iS given

by
R
Yopt, 58U = —BOPY 2 4 k2

woLa (14)

Combining (8) and (14) yields the optimal secondary side
inductance, which is given by

8 UIQ)C,Q

7.[2 \/iwokOPZmax ’

at maximum output power P .y and at the coupling & = k.
Using the simplified equivalent circuit in Fig. 3(e), the phase

angle of the input impedance ¢z, can be derived at the
operating frequency wg, and is given by [17]

2 2 12\, 272
$z,in = arctan <k0 (RL’eq i (ko i ) wOL2)> ) (16)

15)

L2,opt -

kzwoLzRL,cq

which is independent of the primary side coil inductance L;.
At a coil coupling factor of & = kg, the equation for the phase
angle of the input impedance is reduced to

a7

( R
PZ,in = arctan

L,eq )
k’obJoLg ’
and with the load matched to the secondary side coil induc-
tance according to (15), the phase angle of the input impedance
is given by

k=kq

$Z,in = arctan (\/i) =54.7°. (18)

k=ko, Y=Yopt,SSU

As a consequence, an operation with load independent
voltage gain and maximum energy transfer efficiency cannot
be achieved at the same time [23], since in this case, the phase
angle of the input impedance ¢z ;, given in (16) is only zero

if
Rieq =woL2/k?> — k2,

and is in contradiction with equation (14), unless ky = 0,
which is again equal to the SSR operation.

As shown in Fig. 4(a) and (b), the phase angle of the input
impedance at the operating frequency fygsy is increasing
with decreasing coil coupling factor and with increasing load
resistance. Hence, in order to ensure that the phase angle of
the input impedance is still positive at maximum output power
and at the maximum achievable coupling factor kp,,x, i.e. at
the minimum coil separation distance, the design parameter
ko must be chosen according to [17]

19

kmax
ko > .

RYE]

(20)
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Figure 6: Control structure of the TET system using the series-series
compensated IPT system operation above resonance (SSU).

As a result, at maximum output power and maximum coil
coupling, the phase angle of the input impedance is exactly
zero at the operating frequency, as indicated in Fig. 4(b),
denoted with (D). And at k = ko = kmax/ /3, the opera-
tion for load independent voltage gain and load matching is
achieved. Consequently, the voltage gain variation is kept low
for a wide load range and coupling factor variation, and a high
energy transfer efficiency can be achieved at the maximum
coil coupling factor. However, an operation at exactly zero
phase angle of the input impedance is not practical, since it
would result in hard-switching operation of the inverter stage.
Hence, in order to design the IPT system for a desired input
phase angle ¢z, 4, Which is large enough to ensure Zero
Voltage Switching (ZVS) operation at maximum output power
and maximum coil coupling, the factor k¢ is determined with
[17]

ko = k\n}%x \/tan (g@g,in,d) V241,
A main drawback of the SSU operation is the increasing re-
active power demand at the input of the resonant circuit, which
is increasing with decreasing coil coupling factor. Therefore,
similar to the efficiency optimal control, it is proposed to allow
for a variation of the secondary side DC-link voltage according
to the output power demand. But in contrast to the SSR IPT
system operation, the SSU operation advantageously shows
a much lower voltage gain variation with respect to changes
of the load conditions and coupling factor, and an estimation
of the coil coupling factor is not required for the control of
the IPT system. The secondary side DC-link voltage is varied
according to the power demand of the load using [25]

@n

93/4

Ubc,2,ssu = Tﬂm'

As a result, the equivalent load resistance of the SSU
compensated resonant circuit is kept at a constant value of

(22)

Ri,cq,s = \/ikOWOLQ ) (23)

and this type of operation is therefore referred to as constant
load impedance control.

The proposed structure and the control scheme of the SSU
IPT system is shown in Fig. 6. The power consumption of
the LVAD and the battery charging converter (i.e. in charging
mode), is measured continuously and the set-point for the
required IPT system output voltage Up 5 gqy is calculated
using equation (22). On the primary side of the system, a
DC-DC converter is then used to control the secondary side
DC-link voltage accordingly.
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Figure 7: Performance indicators for the SSR operation using the
efficiency optimal control in (a)-(c), and the SSU operation using the
constant load impedance control in (d)-(f), calculated for a variable
output power and coil separation distances d. of 10 mm and 20 mm,
and the IPT resonant circuit parameters given in (g).

By introducing a lower limit for the secondary side DC-
link voltage, the buck-boost converter on the primary and
secondary side can be omitted and a simple bidirectional
buck converter can be used for the battery charging converter
and on the primary side, a simple boost converter can be
employed. Hence, as shown in Fig. 6, the inverter and the
buck-type battery charging converter are connected in parallel
to the secondary side DC-link. The inductor used for the buck
converter can then be designed for a lower power throughput
and therefore allows for a smaller volume compared to the
inductor of the secondary side buck-boost converter needed
for the SSR IPT system shown in Fig. 5.

The control circuit of the battery charger continuously
supervises the secondary side DC-link voltage Upc,2 and
if the voltage drops below the lower limit because the IPT
system cannot transmit sufficient energy, the IPT system is
disconnected from the DC-link using a load-switch and the
battery charger takes over the power management and provides
the energy supply for the LVAD inverter.

C. Discussion

Fig. 7(a)-(f) shows different performance indicators, which
are particularly important for the TET system application
at hand, calculated for the SSR and the SSU compensated
IPT systems, using the previously explained control strategies.
These indicators are the phase angle of the input impedance

http://dx.doi.org/10.1109/TPEL.2018.2822722

©z.in, the secondary side coil peak voltage U, and the
secondary side coil power loss P, 1,2, which are calculated for
the IPT resonant circuit specifications shown in Fig. 7(g), con-
sidering a variable output power and different coil separation
distances d.. The implications of the analysis are summarized
in the following:

« Phase angle of the input impedance: The phase angle
of the input impedance is directly related to the energy
transfer efficiency. For the SSR compensation, using the
efficiency optimal control, the phase angle of the input
impedance is approximately constant, despite a varying
output power, and is slightly decreasing with lower coil
coupling factors (cf. Fig. 7(a)). In contrast, as shown in
Fig. 7(d), in case of the SSU compensation, the phase
angle of the input impedance increases significantly at
large coil separation distances, which in turn reduces the
energy transfer efficiency.

« Secondary side coil peak voltage: A main disadvantage
of the series-series compensated IPT system is the large
IPT coil voltage amplitudes. Specifically on the secondary
side, a large coil voltage bears several potential safety
risks for the patient. The ISO 14708-1 international stan-
dard on the general requirements for safety of an active
implantable medical device states, that any insulation of
electrical conductors must withstand a dielectric strength
test in which the applied voltage is no less than twice
the peak voltage experienced by the part [26]. In order
to maintain the mechanical flexibility of the implanted
IPT coil, a silicone elastomer is preferably used for
the encapsulation, which generally offers a very high
dielectric strength of more than 20 kV/mm [27] and which
is also available for medical device encapsulations [28].
Hence, an appropriate electrical insulation of the TET
coils is easy to achieve. However, as shown in [29], the
large secondary side coil voltage significantly contributes
to the Electro-Magnetic Field (EMF) exposure of the
human tissue, and hence, the secondary side coil voltage
should be kept as low as possible. In case of the SSR
compensated system, the secondary side coil peak voltage
is increasing with increasing coil separation distance, as
shown in Fig. 7(b), which is due to the efficiency optimal
control, where the equivalent load resistance is decreased
with decreasing coil coupling factor. In contrast, the
secondary side coil peak voltage of the SSU compensated
system is independent of the coil separation distance,
since the equivalent load resistance is kept constant,
regardless of a varying coil coupling factor.

Secondary coil power loss: Excessive heating of the

human tissue surrounding the implanted IPT coil can

cause discomfort to the patient or even permanent tissue
damage. In case of the SSR IPT system, the secondary
side coil power loss shows a proportionality according
to P, 12 o Py/k. Consequently, the coil power loss is
increasing substantially with increasing coil separation
distance (cf. Fig. 7(c)), which is a main disadvantage
of the SSR IPT system operation.

As with the secondary side coil peak voltage, the sec-
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ondary side coil power loss of the SSU compensated
IPT system is independent of the coil coupling factor
and is only proportional to the output power. This clearly
shows the main difference between the two systems. In
case of the SSR compensation, the coil power losses are
balanced between the primary and secondary side coil and
are increasing simultaneously if the coil coupling factor
decreases [18]. In contrast, in case of the SSU compen-
sation, the power losses are asymmetrically distributed,
i.e, with increasing coil separation distance, the primary
side coil power losses are increasing significantly, but
the secondary side coil power losses are not affected by
a varying coil alignment.

In that sense, the power transfer capability of the SSR
compensated system is mainly limited by the EMF exposure
and the heating of the human tissue at increasing coil mis-
alignment. In case of the SSU compensated system, the power
transfer capability is limited by the primary side power losses
and the maximum tolerable inverter input voltage.

In a recent publication in [30], it is proposed to include an
LCL-filter circuit at the output of the primary side inverter
(cf. Fig. 9(a)), which allows to convert the simple SSR

compensated IPT circuit into a system with voltage source
behaviour at the resonant frequency fy (cf. Fig. 9(b)). Further-
more, the circuit exhibits a purely resistive input impedance at
the operating frequency despite of coil coupling- and output
power variations (cf. Fig. 9(c)). However, the voltage gain
is dependent on the IPT coil coupling and both the primary
and secondary side DC-link voltages must be adapted in order
to achieve an operation at the maximum energy transmission
efficiency, as it is the case for the SSR IPT system.

In order to achieve a voltage gain of one at the resonant
frequency, as it is shown in Fig. 9(b), the filter inductors L;
must be chosen equal to the mutual inductance of the IPT coils.
Considering the resonant circuit parameters in Fig. 7(g) given
for the particular IPT system prototype at hand, the additional
filter inductance values are 9.2uH and are calculated for a
maximum coupling factor of ky,.x = 0.5.

The two high-frequency inductors L¢ are in the main power
path and hence significantly contribute to the primary side
power losses of the IPT system which is a drawback of the
LCL-filter solution. However, a final performance assessment
of the concept requires an in-depth comparison, which is
beyond the scope of this paper.

A particular challenge is the design of the TET system
implant, because of the small available volume and the re-
quired high energy efficiency of the system, in order to prevent
excessive heating of the surrounding tissue. Hence, it was
decided to build a demonstrator prototype for the SSU TET
system implant, because of the high secondary side power
conversion efficiency and the reduced system complexity.
The following section presents the design and the hardware
realization of the TET implant. Subsequently, the overall TET
system performance is experimentally verified.

III. IMPLANT DEMONSTRATOR PROTOTYPE

The implant volume must be reduced as much as possible,
in order to facilitate the implantation of the device and to
increase the wearing comfort for the patient. Due to the
large backup battery, the TET system implant is larger than
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today’s Implantable Cardioverter Defibrillators (ICDs), which
can have a volume of less than 60cm3. In discussions with
medical experts, it was concluded that a maximum volume
of 100cm? (10cl) should be targeted for the TET implant.
This volume should include all the electronic building blocks,
such as the IPT energy receiver, the communication electronics
and the backup battery as well as the control electronics. It is
the opinion of the authors that the motor inverter should be
integrated into the LVAD itself, since the inverter power losses
could be removed more efficiently due to the continuous blood
flow in the LVAD.

Fig. 8(a) shows the concept of the system integration. It
was decided to use a modular design approach which allows
for higher flexibility and a compact design. The functionality
of the electronics is divided into four sub-modules. The four
PCBs are stacked on top of each other and are interconnected
using flat ribbon cables. The prototype implant enclosure is
manufactured from aluminium and 3D-printed polycarbonate.
As shown in Fig. 8(b), the enclosure occupies almost the same
volume as the electronics assembly. However, almost 50 % of
the total implant volume is occupied by the backup battery.
The final TET implant prototype with is depicted in Fig. 8(c)
and (d).

For the implant prototype it was decided to use a commer-
cially available general purpose lithium-polymer battery. These
batteries offer a high volumetric energy density and the battery
cells can be manufactured in wide range of different shapes,
which increase the design flexibility and reduce the proto-
typing cost. For the implant prototype, the lithium-polymer
battery 1.P454854 is used, which has a nominal cell voltage
of 3.7V and a capacity of 1.7 Ah [31]. Four battery cells are
connected in series, in order to achieve the nominal battery
voltage of 14.8V and in order to prevent battery damage,
each battery includes an overcharge and -discharge protection
circuit. The battery pack has a total boxed volume of about
4.8 cl, weighs 136 g and stores a nominal energy of 25.2 Wh.

The electronic sub-modules are shown in Fig. 10. For the
implant control, an ARM Cortex-M4 CPU is used, which is
placed on the control board shown in Fig. 10(a). The micro-
controller implements all the functionality needed to control
the synchronous rectifier and the battery charging converter
and provides the interface for the wireless communication.

Fig. 10(b) shows the bidirectional buck-type battery charg-
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Figure 11: (a) Measured inductance and (b) AC resistance of the
final implant TET coil prototype.

ing converter. In order to protect the battery from the large
current ripple, an additional LC-filter stage is connected in
series with the battery. The converter is operated at a switching
frequency of 300 kHz and the EPC2016C GaN FETs are used
for the switches. The inductor is built using an ER 11/5
ferrite core set and 13 turns of litz-wire consisting of 135
strands with a strand diameter of 40 um. For the core, the
TDK/EPCOS N&87 ferrite material was selected. The measured
inductance value is 27.9 uH and the inductor is designed such
that the peak-to-peak inductor current ripple is about 70 % of
the maximum average inductor current at a battery voltage of
14.8'V, a DC-link voltage of Upc,2 = 40V and a maximum
output power of 25 W.

The main component of the IPT energy receiver PCB shown
in Fig. 10(c) is the synchronous rectifier circuit presented in
[25] and the secondary side compensation capacitors. In ad-
dition, current and voltage measurement circuits are included
and a load switch allows to disconnect the IPT system from the
load, whenever the LVAD is powered by the backup battery.

The circuits for the wireless communication are placed
on the fourth PCB, depicted in Fig. 10(d). The main Fadio
Frequency (RF) transceiver is operated in the MICS-band at
403.5MHz and is dedicated to the top-level communication.
The implantable MICS-band antenna is integrated into the
housing of the implant as shown in Fig. 8(a). The design
and characterization of the antenna are described in detail
in [32]. In addition, a second bidirectional Near-Field Com-
munication NFC channel is implemented. The loop-antennas
are embedded directly into the TET coil prototypes. The
NFC link operates in the ISM-band at 27 MHz and uses a
simple On-Off-Keying (OOK) modulation scheme for the data
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Figure 12: (a) Schematic circuit diagram of the SSU TET system prototype operated in mode A. (b) Measured total SSU TET system
power loss and (c) total DC-DC efficiency. (d) Input and output voltage of the IPT system. (e) Power loss of the external boost-type DC-DC
converter stage and the separately measured primary side control and auxiliary circuit power losses. (f) Power loss of the IPT system power
stage, obtained from the measured inverter input power and rectifier output power, including the inverter gate drive power loss. The secondary
side control and auxiliary circuit power losses are indicated in the same figure. (d) Corresponding DC-DC efficiency of the IPT system

power stage, excluding the secondary side control losses.

transmission. However, the simple modulation scheme is prone
to interferences with the switching noise of the IPT system
and a careful NFC antenna design is required to electrically
separate the NFC antennas from the TET coils as much as
possible. The idea is to dedicate the NFC channel exclusively
to the control of the IPT system, such that the MICS-band
communication can be used for uncritical high-level tasks,
such as the control of the LVAD and the monitoring of
physiological sensor data.

The final implant TET coil prototype is shown in Fig. 8(c)
and is identical to the external TET coil. The winding layer
of both TET coils has an outside diameter of approximately
69 mm and an inside diameter of 35 mm. The single layered
coils consist of 17 turns of litz-wire with 330 strands and
a strand diameter of 40 um. Finally, the coil windings are
encapsulated in RTV-3428 A&B silicone [33]. Including the
silicone encapsulation, the TET coils have an overall outside
diameter of 73 mm, a thickness of 3 mm and a weight of 26 g.
The measured inductance and AC resistance of the secondary
side coil, with respect to the operating frequency, is shown
in Fig. 11(a) and (b), respectively. The lead wire length is
200 mm and its AC resistance was measured separately, using
a twisted pair litz-wire cable of the same length. At the
operating frequency of 800 kHz, the measured self-inductance
and AC resistance of the primary side TET coil are 19.16 uH
and 240 mS2, respectively. In this case, the lead wires have a
length of about 275 mm. The quality factors of the two coils
are in a range of 373 to 401 at the operating frequency and
the self-resonance frequency in air is about 6.85 MHz for both
coils.

The dimensions of the final implant prototype are
85 mm x59 mm x20.5 mm (cf. Fig. 8(d)) and the boxed volume

is 10.3 cl. The prototype implant has a weight of 188 g, which
is mainly due to the large battery pack. It should be noted,
that the implant prototype can be used for short-term in-vivo
experiments when the backup battery is removed, but in its
current state, the prototype is not hermetically sealed and is
therefore not suited for long-term experiments.

IV. PERFORMANCE MEASUREMENT

The following section provides a comprehensive experimen-
tal performance evaluation of the TET system prototype. First,
the total TET system performance is determined for the SSU
TET system and second, in order to have a comparison, the
power loss an DC-DC efficiency is measured for the SSR TET
system as well.

A. SSU TET System

For the proposed SSU TET system, two separate operating
modes are considered. In the first mode, denoted with mode
A, the power is delivered directly to the LVAD, without the
operation of the backup battery charger. The second operating
mode, denoted with mode B, considers a constant power
supply for the LVAD and the simultaneous operation of the
battery charger with variable output power.

The external part of the TET system is realized using
the inverter circuit presented in [25]. The inverter stage is
supplied by a boost converter, which is implemented with the
same battery charger PCB as it is used for the TET implant
prototype. The primary side DC-DC converter is operated in
boost mode only and the boost inductance is optimized for a
high power conversion efficiency, since in this case, the power
density is of minor importance. The inductor is manufactured
from two stacked EELP 14/3.5/5 core sets made of the N87
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ferrite material. The winding is realized with 12 turns of litz-
wire with 9 strands and 200 pm strand diameter. The air-gap of
the inductor is adjusted such that the inductance value attains
39.7 uH at the operating frequency of 150 kHz.

The TET system performance was measured for a coil
separation distance d. of 13mm and 23 mm, such that the
distance between the TET coil encapsulations is exactly 10 mm
and 20 mm. Accordingly, the measured coupling factors are
0.390 and 0.219, respectively. The primary and secondary side
compensation capacitances C1,1, Ci 2 and Cy 1, Cy 2 have a
value of 5.6nF each, and are designed for kg = 0.262. Ac-
cording to (22), the optimum secondary side DC-link voltage
Upc,2 at maximum output power is 36.2 V. The primary side
inverter is operated at a switching frequency of 800kHz and
the dead-time of the switch control signals is set to 65ns.
The lower limit for the IPT system output voltage is set to
Upc,e = 20V.

Fig. 12(a) illustrates the structure of the SSU TET system
prototype for the operating mode A, where the power is
transferred directly to the LVAD, without charging of the
implant backup battery. The power loss components that are
additionally considered for the total system input power P,
are the losses caused by the primary and secondary side con-
trol board, including auxiliary power supplies, measurement
circuits, as well as the gate drivers for the boost converter and
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the IPT inverter stage, as indicated in Fig. 12(a). Note that the
power loss of 258 mW of the FPGA and its auxiliary power
supplies, which generates the control signals for the full-bridge
inverter, is not included in the performance evaluation, since
in a final realization of the external control unit, the signals are
generated directly by the MCU. Further, the wireless commu-
nication is not included in the performance measurements, and
was disabled in the implant hardware prototype. The output
power is measured at a load resistor, which models the power
consumption of the LVAD. The external battery supply is
replaced by a programmable laboratory DC power supply.

Fig. 12(b) shows the results of the total power loss mea-
surement. The power loss was measured for an output power
range of 5-30 W, but it is most unlikely that a single LVAD
consumes more than 12 W. However, for systems providing bi-
ventricular support or for a TAH, the power consumption of
the circulatory support system could reach up to 20 W or even
more. The total measured power loss ranges from 1.16 W up
to 3.51 W depending on the output power and coil separation
distance. The total implant power loss at maximum output
power is calculated as 0.917 W and is independent of the coil
separation distance. It should be noted, that the constant power
loss of the combined primary and secondary side control and
auxiliary circuit losses reach about 840 mW and offer great
potential for further optimization.

The resulting DC-DC efficiency is shown in Fig. 12(c). At
maximum output power, the efficiency reaches up to 92.4 %.
However, due to the constant power losses, the efficiency drops
down to 78.3-81.2 % at the minimum output power of 5 W and
a coil separation distance of 23 mm and 13 mm, respectively.

The measured primary and secondary side DC-link voltages
and the measured power loss of the primary side boost con-
verter and the IPT system power stage are shown in Fig. 12(d)-
(g). The power losses are derived from the measurement of the
input and output power of each of the individual power stage
in Fig. 12(a), denoted with 1 and 2. The control and auxiliary
circuit power losses Py,1,1 and Py, 2 are measured separately
and are given in addition in Fig. 12(e) and (f), respectively. As
the only exception, the constant inverter gate drive power loss
Peq,1 of 75mW is already included in the IPT stage power
loss measurement.

As explained in Section II-B, the output voltage of the
SSU TET system is varied according to the output power of
the IPT system, and is limited to a minimum output voltage
of 20 V. As already stated, a main disadvantage of the SSU
TET system is the increasingly inductive behaviour of the
input impedance of the IPT resonant circuit, when the coil
separation distance is increased. Hence, at low coil coupling
factors, the primary side DC-link voltage must be increased
in order to maintain the required energy transfer across the
skin. As a consequence, the power loss on the primary side
increases significantly with increasing coil separation distance
(cf. Fig. 12(f)). Nevertheless, the secondary side power losses
are small and are independent of the coil separation distance.

As shown in Fig. 12(g), the IPT power stage attains DC-DC
efficiencies up to 97 % at the minimum coil separation distance
of 13 mm. However, as explained above, the efficiency drops
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significantly with decreasing coil coupling factor.

The SSU TET system performance was also measured for
the operating mode B, which considers a constant power
supply of 5W for the LVAD and an additional variable
battery charger output power. The TET system schematic
and the considered input and output power components for
the operating mode B are illustrated in Fig. 13(a). For the
measurements, both the LVAD and the backup battery are
modeled with an adjustable load resistor. The battery charger
is operated in buck mode and controls the output voltage to
the nominal battery pack voltage of 14.8 V. The load resistance
is varied such that the output power Py ranges from zero
to 25W. The power loss measurement was performed at a
coil separation distance of 13 mm and the result is shown in
Fig. 13(b). The total primary and secondary side control and
auxiliary circuit power losses attain a value of 866 mW and
are indicated in the same figure. Again, the power losses of the
wireless communication are not included in the measurement
and the module is disabled in the implant prototype. Further
it should be noted that due to the small phase angle of the
input impedance of the IPT resonant circuit at the minimum
coil separation distance, the primary side inverter is partially
hard-switching at an IPT system output power of 10-30 W.
However, the switch voltage at the hard-switching instant is
in a range of 4.6-6.3V and does not contribute significantly
to the total power losses.

The total DC-DC efficiency in Fig. 13(c) confirms that the
TET system prototype is able to deliver a constant power of
5 W to the LVAD and simultaneously, a power of up to 25W
can be delivered to the internal battery with a total DC-DC
efficiency of up to 90 %.

The distribution of the secondary side power losses is shown
in Fig. 13(d) and is calculated for the maximum output
power using both measurements and numerical models. The
estimated total secondary side power loss is about 1.63 W
and the secondary side IPT coil power loss is calculated as
252 mW, which is only 15 % of the total secondary side losses.
The power loss in the implant (excluding power losses in the
implant battery) is 1.38 W and Fig. 13(e) shows the corre-
sponding thermal image of the implant prototype operated at
maximum output power. The maximum temperature at the
top cover of the prototype reaches 42°C in air and further
efficiency improvements are required to reduce the temperature
rise of the implant surface. However, a final assessment of the
thermal safety of the TET implant prototype is beyond the
scope of the paper and would require more complex thermal
models of the human body, as well as additional information
on the location of the implantation, i.e the type and structure
of the surrounding tissue.

B. SSR TET System

In order to compare the performance of the SSU TET
system prototype, the DC-DC efficiency was also measured
for the SSR TET system operation. In this case, it was
decided to use the existing hardware, such as the IPT prototype
system shown in Fig. 14(a), together with the IPT coils and
the secondary side synchronous rectifier, presented in [25].
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Figure 14: (a) Inverter and IPT coil prototypes presented in [25],
which are used for the SSR TET system performance measurements.
(b) Specifications of the IPT coil prototypes shown in (a). (c)
Schematic circuit diagram of the SSR TET system prototype and the
illustrated components of the input and output power considered for
the total system performance evaluation. (d) Total SSR TET system
prototype power loss and (e) corresponding total DC-DC efficiency.

The specifications of the IPT coil prototypes are given in
Fig. 14(b).

For the primary and secondary side DC-DC converter, the
same battery charger PCB as for the TET implant prototype
is used and is operated either in buck-, or with reversed
terminal connections, in boost-mode, whichever is required for
the operating point. The DC-DC converter stages are operated
at 150kHz and the same inductor is used as for the external
DC-DC converter of the SSU TET system prototype. However,
in this case, the power losses of the DC-DC converters are
slightly underestimated, i.e. about 60 mW at maximum output
power, because of the missing additional on-state resistance of
the switch in continuous conduction mode, which is present
in the conduction path of the idle branch of a four-switch
buck-boost converter.

As described in [17], the IPT system is operated at 800 kHz
and the total primary and secondary side compensation ca-
pacitances C7 and Cs have a value of 2.2nF. A simplified
schematic circuit diagram of the SSR TET system prototype
is shown in Fig. 14(c). The power loss measurements are
performed for coil separation distances of 10 mm and 30 mm,
which corresponds to coil coupling factors of 0.489 and 0.15,
respectively. The voltage at the load resistor is set to a constant
value of 14.8'V, and the power at the load resistor is varied in
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Figure 15: Performance measurement of the SSR TET system pro-
totype. (a)-(b) Input and output voltage of the primary and secondary
side DC-DC converter stages. (c) Power loss of the primary side and
(d) of the secondary side DC-DC converter stage and the additional
control and auxiliary circuit power losses. (e) Power loss of the SSR
IPT system, including the inverter gate drive and the synchronous
rectifier power losses. (f) Corresponding DC-DC efficiency.

a range of 5-30 W. In order to control the DC-DC converter
stages, the same control board as for the SSU TET system
prototype is used. The power loss is measured for each power
conversion stage individually, which are denoted in Fig. 14(c)
with numbers 1, 2 and 3.

The constant power losses P, of the control and the aux-
iliary circuits, which are used to operate the DC-DC converter
stages, are measured separately. In addition, the primary side
inverter gate drive power loss F,q,1 and the secondary side
synchronous rectifier gate drive and auxiliary circuit power
losses Psync are measured, and are included in the total IPT
system power losses. Similar to the previous measurements,
the power losses due to the wireless communication and due
to the FPGA of the IPT inverter stage are not included in the
performance evaluation.

The results for the total power loss measurement and the
total system efficiency are shown in Fig. 14(d) and (e),
respectively. Due to the symmetry of the particular circuit,
the power losses are distributed approximately in equal parts
between the primary and secondary side. Therefore, it can
be inferred with good approximation, that the implant power
losses are about half of the measured total power losses.
Again, as shown in Fig. 14(d), the total constant power loss
of 893 mW is rather high and allows for further improvement.

http://dx.doi.org/10.1109/TPEL.2018.2822722

The total DC-DC efficiency depicted in Fig. 14(e) reaches val-
ues of up to 90.4 % at maximum output power and minimum
coil separation distance. And even at a large coil separation
distance of 30 mm, efficiencies of up to 88.5 % are achieved.

Fig. 15(a) and (b) show the primary and secondary side
input and output voltages Upage,1 and Upage,2, as well as the
DC-link voltages Upc,1 and Upc,2 for the SSR TET system
operation. As explained in Section II, at large coil separation
distances, the primary and secondary side DC-link voltages are
decreased in order to maintain an efficiency optimal operation.
Accordingly, the overall IPT system efficiency is optimized,
but the primary and secondary side coil power losses are
increased simultaneously for a decreasing coil coupling factor
and constant output power, which causes additional heating of
the TET coils and hence, is a main disadvantage of the SSR
TET system operation.

The primary and secondary side DC-DC converter power
losses are shown in Fig. 15(c) and (d), respectively. In
addition, the total primary and secondary control and auxiliary
circuit power losses are indicated in the same figures. The
SSR TET system operation has the advantage, that at large
coil separation distances, i.e. at low coil coupling factors, the
DC-link voltage is decreased and hence reduces the switching
losses in the DC-DC converter stages. The power loss of the
IPT stage increases linearly with increasing output power,
as shown in Fig. 15(e). The active load matching which is
a result of the efficiency optimal control of the SSR IPT
system, allows to reduce the power losses significantly at large
coil separation distances. As a result, the DC-DC efficiency
of the IPT system, which is shown in Fig. 15(f), is above
90 % even at a large coil separation distance of 30 mm, and
reaches a maximum efficiency of up to 96.9 % at the minimum
coil separation distance and maximum output power. At a
coil separation distance of 50 mm, i.e. a coil coupling factor
of only 6%, and for an output power of 5W, the DC-DC
efficiency of the IPT stage is still 83.7 % and 85.2 % at 10W
output power. Consequently, the wireless power supply for
the LVAD operation can be sustained even for significant coil
misalignment. However, it should be noted that in this case,
the primary side inverter is fully hard-switching, which is due
to the small phase angle of the input impedance.

V. CONCLUSION

As shown in this paper, the SSR TET system offers an im-
pressive performance regarding the energy transfer efficiency
and regarding the coil misalignment tolerance. However, the
main disadvantages of the SSR compensated system using the
efficiency optimal control are

« the increased control effort, which requires an on-line

estimation of the coil coupling factor.

« the increased size of the secondary side DC-DC converter.

« the increasing implant TET coil power loss and voltage

stress at increasing coil separation distance and constant
power transmission.

In contrast, the SSU TET system operation allows for a
simplified control scheme, i.e. the constant load impedance
control, without the need for a coil coupling estimation,
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and offers a reduced hardware complexity. In addition, at
constant power transmission, the SSU TET system offers a
constant secondary side coil power loss, regardless of the
coil separation distance. As a main disadvantage, the coil
misalignment tolerance and the power transfer capability of
the SSU compensated system is limited by the large reactive
power on the primary side.

For the performance evaluation, a fully functional and com-
pact TET implant prototype was realized, including the IPT
synchronous rectifier circuit, the backup battery and its charg-
ing converter, the control circuit and two separate wireless
communication interfaces, including the integrated antennas.
In case of the SSU TET system prototype, at maximum output
power, the overall DC-DC efficiency attains values of up to
89 % and 92.4 % for coil separation distances of 23 mm and
13 mm, respectively. In case of simultaneous battery charging
converter operation, an overall DC-DC efficiency of up to 90 %
was achieved at a maximum power transmission of 30 W and
minimum coil separation distance of 13 mm.

At coil separation distances of 30 mm and 5 W output power,
the SSR TET system achieves an overall DC-DC efficiency of
78.3 % (i.e. 1.37 W total power loss). At 10 mm coil separation
distance, the system efficiency is as high as 90.4 % at the
maximum power transmission of 30 W and drops to 88.5 % at
5W output power. The DC-DC efficiency of the IPT power
stage itself is very high and reaches values of up to 96.9 % at
the minimum coil separation distance, and for coil separation
distances smaller than 30 mm, the DC-DC efficiency is always
above 90 %.

An improved coil misalignment tolerance is important to
maintain the needed energy transfer capability, despite of
the movements of the patient, and therefore, increases the
usability of the TET system. The coil misalignment tolerance
is therefore an important and decisive property, which allows
to chose the most practical TET system design. As a final
conclusion, it can be stated, that despite the numerous disad-
vantages, the SSR TET system outperforms the SSU system in
terms of efficiency and coil misalignment, and hence, allows
for an increased usability. In order to minimize the EMF
exposure of the human tissue due to the increased implant
coil peak voltage, an electrical shielding can be implemented
as described in [29].
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