Mid-range Wireless Power Transfer with Segmented
Coil Transmitters for Implantable Heart Pumps

Sai Chun Tang', Tian Le Tim Lun?, Ziyan Guo?, Ka Wai Kwok?, and Nathan J. McDannold!
"Harvard Medical School, Brigham and Women’s Hospital, 221 Longwood Avenue, EBRC 518, Boston, MA 02115, USA
2Department of Mechanical Engineering, University of Hong Kong, Pokfulam, Hong Kong

Abstract- In wireless power transfer systems, the transmitting
coil dimensions can substantially affect the transmission range
and alignment sensitivity. We found that a transmitting coil with
larger inner and outer diameter has a wider transmission range
and lower alignment sensitivity. Thus, we developed a larger coil
(24X30 cm?) designed to be embedded in the back of a vest to
power DC pumps for artificial hearts or LVADs. To significantly
reduce the required voltage, the coil was divided into 8 segments
with resonant capacitors. The coil was operated at 6.78 MHz and
evaluated with a 5.3-cm diameter receiving coil. A circuit model
for the energy coupling coils was developed to predict the output
power and efficiency. Having a coil separation of 7.7 cm, the
output power and efficiency of the energy coupling coils are
higher than 48 W and 80%, respectively. The system was
experimentally tested with a DC pump, demonstrating that the
proposed coil segmentation technique can significantly reduce
the transmitter voltage to a safe level (~10 Vims).

I. INTRODUCTION

Differences in the dimensions of energy transmitting coils
in wireless power transfer systems can lead to substantial
differences in transmission range and coil alignment
sensitivity. In transcutaneous transformers, which have been
investigated for powering total artificial hearts (TAHs) and
left ventricular assist devices (LVADs) for decades, the
transmitting coil diameter is typically less than 12 cm,
resulting in a transmission range limited to 20 mm, and an
allowed lateral misalignment of approximately 10 mm [1],[2].
Thus, precise coil alignment is required; otherwise, the energy
efficiency will be diminished. Since the receiving coil must be
implanted under the patient’s skin and the implantable heart
pump is located relatively deep in the body, long wires are
needed to connect the receiving coil to the implanted device.
This arrangement substantially increases the surgical time,
complexity, and thus cost. The wires also create reliability
issues, particularly when the patient moves vigorously.

In mid-range wireless power transfer systems, relatively
large transmitting coils (e.g. 30 cm) can power implantable
devices located virtually anywhere in the body without precise
alignment [3]-[9]. However, the required excitation voltage
over the transmitting coil is much higher than what is needed
for the transcutaneous transformer. For example, in an
application that powered a 0.35-W capsule endoscope, an
excitation more than 3-kV was required [3],[4]. In applications
with higher power consumption, this voltage will be even
more demanding. This high voltage requirement is obviously a
serious concern in terms of patient safety and manufacturing
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cost due to the need for bulky electrical insulation and high-
voltage electronic components. Moreover, the system energy
efficiency can be drastically reduced because of the excessive
dielectric power loss under a high voltage stress [7].

A novel low-operating-voltage, mid-range wireless power
transfer method was reported previously [6]-[8], in which the
larger transmitting coil was divided into multiple segments
using resonant capacitors. The induced coil segment voltage is
canceled by the capacitor voltage at the resonant frequency,
thus the overall voltage can be reduced to a safe level. In this
paper, we demonstrate the use of this method to a mid-range
transmitting coil designed for powering a heart pump.

II. H-FIELD DISTRIBUTIONS OF TRANSMITTING COILS

A.  Conventional Transcutaneous Transformer

In applications of implantable TAH and LVAD, the
transmitting coil of a transcutaneous transformer typically
ranges from 5 to 12 cm. Fig. 1 shows a representative 5-cm
transmitting coil (Coil 1). The magnetic field intensity of the
coil in the axial direction, H., can be deduced by summing the
H,-field generated by each winding given by Equation (1) [10].

1 1 at—x*-z°
N P O]

where K(k) and E(k) are complete elliptic integrals of the 7+
and 2" kind, a is the coil radius, z and x are the distances from
the coil center along the coil’s axial and radial axes
respectively, I is the winding current, and k°=4ax/[(a+x)*+2z2].

Finite-element-analysis (FEA) was also used to simulate the
H_--field. Both the calculated and simulated H--field were
plotted along the axial and radial directions (Fig. 2). The coil
excitation was set to 1 A, i.e. 10 A-turn. Along the z-axis, at
z=2 cm, H. is reduced by 81.7%. Along the x-direction at z=2
cm, comparing with H. at x=0 cm, H. drops by 50% at x=1.7
cm. For this reason, the separation between the transmitting
and receiving coils is usually less than 2 c¢cm, and the lateral
misalignment tolerance is less than 1 cm.
B.  Larger Transmitting Coils

Recent reports have demonstrated that larger transmitting
coils (2>30-cm) can transfer energy deep in the body [3]-[9].
In heart pump applications, sustaining continuous energy
transfer is of importance, the preferable configuration is to put
the larger transmitting coil in parallel to the patient’s body, e.g.
by embedding it in a vest, chair back or mattress [11]. In this
configuration the receiving coil for an implanted heart pump
could be located more than 7 cm from the transmitting coil.
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Fig. 2. H. generated by the 5-cm
transmitting coil (a) along the z-axis,
and (b) versus x at z=2 cm.

Fig. 1. Dimensions of Coil 1.

To investigate the applicable range of a larger transmitting
coil placed in parallel to the body, we analyzed the H.-field
distribution of four larger transmitting coils (Coils 2-5) with
same outer diameter of 30 cm but different inner diameters
(Fig. 3). Fig. 4(a) shows H. along the z-axis of the four coils
with an excitation of 10 A-turn. The results show that H. with
a larger inner diameter decreases more slowly than a smaller

inner diameter, and slower still than the 5-cm transmitting coil.

The lateral misalignment sensitivities of the 30-cm coils were
investigated by plotting H. versus x at z=10 cm (Fig. 4 (b)).
The x-range, where H. was within 50% of H. at x=0, of the
coil with the largest inner diameter (Coil 5) was 37% larger

than that of Coil 2 and 8 times larger than that of the 5-cm coil.

III. THE PROPOSED TRANSMITTING COIL

Based on the results in the previous section, transmitting
coils with larger inner and outer diameters can transmit energy
deeper in the body with lower alignment sensitivity. Thus, we
propose a larger transmitting coil (Fig. 5(a)) designed to
power an implanted heart pump that can be embedded in the
back of a vest. The energy transfer system operates at the 6.78
MHz industrial, scientific and medical (ISM) band. The coil
input impedance at the no-load condition is about 116 Q. In
higher power applications (e.g. I; = 5 Ams), the required
voltage is 579 Vims. Such a high voltage requirement over the
transmitting coil is obviously a major concern in terms of
patient safety and manufacturing cost.

Recently, we demonstrated that dividing an energy coupling
coil into multiple segments using resonant capacitors can
significantly reduce the coil voltage to a safe level [6]-[8].
Here, we apply this technique to divide the proposed coil into
8 segments (Fig. 5(b)) to reduce the coil voltage. The coil was
tuned to 6.78 MHz with 1.623 nF resonant capacitors.

IV. OUTPUT POWER AND ENERGY EFFICIENCY

The receiving coil used in the energy coupling system is
shown in Fig. 6. The receiving coil was tuned to 6.78 MHz
with a capacitor network (C,—C3) shown in Fig. 7. The
capacitors’ equivalent-series-resistances (ESRs) are denoted
by R;-R;. The self-inductance and winding resistance of the
transmitting and receiving coils are represented by L, R;, L,,

and R,, respectively. The capacitor C; denotes the resultant
capacitance of the resonant capacitors used to segment the
transmitting coil. The mutual inductance between the
transmitting and receiving coils is denoted by L.
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Fig. 3. Dimensions of Coils 2-5.
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Fig. 4. H-field generated by the 30-cm energy transmitting coils (a) along the

z-axis, and (b) versus x at z = 10 cm.
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Fig. 5. (a) A 3-D drawing of the proposed transmitting coil, (b) a circuit
schematic for the segmented coil.
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Fig. 6. The energy receiving coil. the energy coupling circuit.



The output power and efficiency were calculated and
measured in different locations along the x-, y-, and z-
directions with an excitation of 1 Ams and a load resistance of
16 Q (Fig. 8). Both calculated and measured results show that
the proposed energy coupling coils have a much wider range
than conventional transcutaneous transformers. The power
efficiency of the energy coupling coils is more than 80% even
when the separation is 7.7 cm. The output power and
efficiency were calculated and measured with different
excitation current levels (Fig. 9) when the load resistance was
set to 16.8 Q. The maximum output power at z= 7.7 and 10.7
cm were 48.2 W and 38.3 W, respectively. We could not
investigate higher power levels, since we reached the
maximum output power capability of the RF power amplifier
adopted for driving the transmitting coil.

The mid-range wireless energy coupling coils were verified
with a simplified circulatory model driven by a 24-V DC
pump (Fig. 10). The pump, which was used to represent an
LVAD actuator, propelled the water flow cycling throughout
the circulatory model. An additional load of 152 Q was
connected in parallel to the DC pump to represent the power
consumption of auxiliary circuits, such as motor drive, control
and communication. The measured DC load power was 19.7
W, and the transmitting voltage and current were 8.57 Vims
and 4.23 A, respectively. These results verify that, even in
high-power applications, the high excitation voltage necessary
for overcoming the back emf induced by a larger transmitting
coil is not necessary with the segmented coils developed in
this study.
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Fig. 8. Calculated (lines) and measured (dots) output power and efficiency
(a) versus x when y = 0, and (b) versus y when x = 0, (c) along the z-axis. In

(a) and (b), z= 7.7 cm (solid lines) and 10.7 cm (dashed lines).
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Fig. 9. Calculated (lines) and measured (dots) output power and
efficiency versus transmitting coil current when x =y =0, z = 7.7 cm
(solid lines) and 10.7 cm (dashed lines).

V. CONCLUSIONS

We demonstrated that wireless power transfer using a
segmented coil transmitter can drive relatively high power
applications, such as heart pumps, while maintaining a safe
voltage. It was found that transmitting coils with larger inner
and outer diameter can provide both a wider transmission
range and lower alignment sensitivity. In the system with a
24X30 c¢cm?® transmitting coil and a 5.3 cm receiving coil, the
output power and efficiency were measured to be higher than
48 W and 80%, respectively, when the coil separation is 7.7

cm. Experimental validation has also been carried out in
LVAD model with a 24-V DC pump, which was used to
propel fluid through a circulatory model. The experimental
results verified our hypothesis that the coil segmentation
technique can achieve mid-range wireless power transfer
without requiring high-voltage excitation.
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Fig. 10. Front and side views of the wirelessly powered circulatory model.

REFERENCES

[11 Q. Chen, S. C. Wong, C. K. Tse, and X. Ruan, “Analysis, design, and
control of a transcutaneous power regulator for artificial hearts,” IEEE
Transactions on Biomedical Circuits and Systems, Vol. 3, No. 1,
February 2009, pp.23-31.

[2] G. B. Joung, and B. H. Cho, “An energy transmission system for an
artificial heart using leakage inductance compensation of transcutaneous
transformer,” IEEE Transactions on Power Electronics, Vol. 13. No.6,
November 1998, pp.1013-1022.

[3] R Puers, R Carta and J Thoné, “Wireless power and data transmission
strategies for next-generation capsule endoscopes,” Journal of
Micromechanics and Microengineering, Vol. 21, No. 5, 2011.

[4] W. Xin, G. Yan, W. Wang, Study of a wireless power transmission
system for an active capsule endoscope, International Journal of Medical
Robotics and Computer Assisted Surgery, Vol. 6, No. 1, March 2010,
pp.113-122.

[5] S. C. Tang, F. A. Jolesz, and G. T. Clement, “A wireless batteryless
deep-seated implantable ultrasonic pulser-receiver powered by magnetic
coupling,” IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, Vol. 58, No. 6, June 2011, pp.1211-1221.

[6] S. C. Tang, “A low-operating-voltage wireless intermediate-range
scheme for energy and signal transmission by magnetic coupling for
implantable devices,” IEEE Journal of Emerging and Selected Topics in
Power Electronics. Vol. 3, No. 1, March 2015, pp.242-251.

[71 S.C. Tang, and N. J. McDannold, “Power loss analysis and comparison
of segmented and unsegmented energy coupling coils for wireless
energy transfer,” IEEE Journal of Emerging and Selected Topics in
Power Electronics. Vol. 3, No. 1, March 2015, pp.215-225.

[8] S. C. Tang, D. Vilkomerson, and T. Chilipka, “Magnetically-powered
Implantable Doppler Blood Flow Meter.” IEEE International Ultrasonics
Symposium, September 2014, pp.1622-1625.

[9] L. Kim, S. C. Tang, and S. S. Yoo, “Prototype modular capsule robots
for capsule endoscopies,” 13th International Conference on Control,
Automation and Systems (ICCAS), October 2013, pp.350-354.

[10] W.R. Smythe, Static and dynamic electricity, 2nd Edition, McGraw-Hill,
pp. 270-271, 1950.

[11] B. H. Waters, A. P. Sample, P. Bonde, and J. R. Smith, Powering a
ventricular assist device (VAD) with the free-range resonant electrical
energy delivery (FREE-D) system, Proceedings of the IEEE , Vol. 100,
No. 1, January 2012, pp.138-149.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


