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MODELING OF TRANSCUTANEOUS ENERGY TRANSFER SYSTEM
FOR AN IMPLANTABLE GASTROINTESTINAL STIMULATION DEVICE

Joanna Liu C. Wu, Damian |. Kachlakev, Martin P. Mintchev

Abstract: This study models a transcutaneous energy transmission system which can supply DC power to an
implanted device without an external battery. The goals of the study are to: (1) develop a model to describe the
transcutaneous energy transmission system; and (2) use the developed model to design a transcutaneous
energy transmission system for an implantable gastrointestinal neurostimulator. The complete trancutaneous
energy system includes a power amplifier, a highly inductive coupling structure, and an ac-to-dc rectifying circuit
in the receiver. Power amplification is based on the single-ended class E amplifier concept. The power
amplification stage is self-oscillating, and the oscillation frequency is influenced by the coupling of the coils. The
highly inductive coupling structure employs the stage tuning concept. Design methods and detailed analysis are
provided. The proposed model is verified through the implementation of the design.
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1. Introduction

1.1. Gastrointestinal Stimulation

In the recent years, more and more scientific groups are interested in applying functional electrical stimulation to
restore impaired motility in the gastrointestinal tract [1-11]. There are four distinct methods for Gl electrical
stimulation. The first method is to entrain slow wave activity in both animals [4] and humans [3] by “pacing” the
organ at a frequency slightly higher than the intrinsic slow wave frequency, and approach similar to cardiac
pacing. The second method applies current stimulation at 4-40 times the intrinsic slow wave frequency and has
been reported to have some antiemetic effect. The most recent stimulation technique is known as neural
gastrointestinal electrical stimulation (NGES) [12, 13]. This approach involves voltage stimulation at 50 Hz
delivered through matched pairs of electrodes implanted in the smooth muscle of the stomach wall. The effect of
this approach has been shown by accelerated microprocessor-controlled gastric emptying of both solids [10] and
liquids [11] in the stomach, as well as by increased colonic transit in both acute and chronic canine models.

The success in the implementation of an NGES system is intimately and directly related to the development of a
fully implantable but externally controllable multichannel device. Powering such implanted device becomes a
principle challenge. There are four widely accepted techniques for powering an implanted device: (1)
Conventional wire cord (focusing on the biocompatibility of the shielding materials), (2) stand-alone implantable
battery, (3) radio frequency (RF, transcutaneous inductive) link technologies, and (4) a combination of (2) and (3)
using implantable stand-alone rechargeable batteries.

1.2. Aim of the Present Study

The purpose of this feasibility study is to design a transcutaneous power transfer system for a neurostimulator
design aiming at restoring impaired gastrointestinal motility. The first mention of powering an implanted device
through a transcutaneous inductive coupling link was in 1934 [5]. The practical attempts appeared in the late
1970s [13]. There are two distinct paradigms for designing such a system. One paradigm is known as a loosely
coupled link [14] which has a low degree of coupling between the transmitting and the receiving coils, while the
other one is highly coupled inductive link, which has a relatively high degree of coupling between the coils. The
highly coupled inductive link assumes transmitting and receiving coils of approximately the same size [15] and is
the design aim of this project.
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2. Methods

In the present study, the design of a highly coupled inductive link was considered.

2.1. Design Requirements

The voltage to be delivered to the implanted device would be in the range of 10 to 20 V DC for implanted
stimulator current drawing between 0 and 50 mA [22]. The minimum and maximum equivalent loads are 200 Q
and 100 kQ respectively [20]. The design requirements are presented in Table 1.

Design Requirement Value
Minimum load voltage, Viaq 10V
Maximum load current, lpaq 50 mA
Minimum value of load, Rioagmin 200 Q
Maximum value of load, Radmax 100 kQ
Power delivered to Rioad 500 mW

Table 1: Highly coupled inductive link design requirement

2.2. Design Procedure
The design procedure of a stagger-tuned inductive link is outlined in [15] and is briefly described below.

It has been demonstrated already that the minimum variation of gain of the inductive link occurs at 1.6 MHz. In
the following procedure, it is assumed that the inductive link operates at an operating frequency of f, = 1.6 MHz
and the DC supply of the link is 9V.

2.2.1. Spiral Coil Design

In this project, the transmitter and receiver coils are both spiral coils and approximately of the same size. The
methods used in calculating the self-inductance of such coils and the mutual inductance between the two coils
have been previously reported [23, 13]. The calculation of the self-inductance of the spiral coils is based on the
assumption that the spiral coils can be modeled as coaxial circular loops of wire.

l. Calculation of the self-inductance of a spiral coil
The self-inductance of a single loop of wire can be calculated by:
8a
L(a,w)=p.alIn| — -2 1

@w=pua (52 )2 ()
where a is the radius of the single loop, w is the radius of the wire, and i, is the magnetic permeability of the free
space.
The mutual inductance of two spiral coils whose axes are parallel can be presented by:

M(a,b,p,d):yoﬁ{(%—kJK(k)—éE(k)} @

2
where k = L\b
(a+h)?+d2

and where a and b are the radii of the two loops, d is the distance between the two loops, p is the axial
misalignment, and K and E are the complete elliptic integrals of the first and second kind, respectively.
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The self-inductance of such a coil is approximately equal to the summation of self-inductances of single loops,
and with wire-radius w, the overall self-inductance is represented by:

N a N Z N a
La=2 L@w)+ > > M(aia;,=0d=0)1-5;;) (3)
i=1 i=1 j=1
where §;; = 1fori=j, and ;; = 0 otherwise.
Il. Calculation of mutual inductance between two spiral coils
The mutual inductance between primary and secondary coils can be calculated by:

N,N.
Ma=2 2 M(a;bjp.d) (4)

i=1 j=1

However, Eq. (4) is valid for the case with axial misalignment only. To calculate the exact mutual inductance
between two coils with simultaneous axial and angular misalignments, an approximation is provided as:

M (a,b, p,d
M (a,b,p,d,a)=M
\/COSx
where a is the angular misalignment. Once the calculation method of self-inductance of a spiral coil and mutual

inductance of two spiral coils is introduced, the parameters of transmitter and receiver coil orientations need to be
determined. The constraints of the design are listed in Table 2.

(5)

Coil Separation 0.5cm-2.0cm
Axial Misalignment Ocm-+1.0cm
Angular Misalignment 0°-20°
Diameter of transmitter and receiver coil 5cm

Table 2: Highly coupled inductive link coupling constraints

Matlab code was developed for calculating the self-inductances and the mutual inductance of the transmitter (L)
and the receiver (L) coils, based on the outlined constraints. The maximum and minimum coupling coefficients,
kmax and kmin, are then calculated according to Eq. (6) and (7), respectively.

K max = /—LtLr
_ M min

kmin_ﬁ

Furthermore, in order to determine the optimal number of turns, the Matlab Design Tool was used to vary the
number of turns in the transmitter and receiver coils, and to compare the performance of the resulting links.
Increasing the number of turns in the two coils reduced the variation in the load voltage, and enhanced the overall
efficiency of the link. For this design, 10-turn spiral coils were chosen for the transmitter (n;) and the receiver (n;).
When the space between concentric turns of the coils was approximately 1.18 mm, the geometry of these coils
resulted in a self-inductance L, L= 4.07 pH, with coupling coefficients Knin= 0.26 and kmax = 0.82.

2.2.2. Choosing the Operating Frequency f,

In order to minimize the amount of magnetic field absorbed by the abdominal tissue, the frequency should be
chosen to be as low as possible, since the absorption increases exponentially with frequency [25]. However, the
power transfer capability of the inductive link improves with increasing operating frequency. In addition, it has

(6)

(7)
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been already demonstrated that at a frequency of approximately 1.60 MHz, the variation in the gain is minimized
[15]. Therefore, the frequency of f, = 1.6 MHz was chosen as an operating frequency of the link.

2.2.3. Choosing the Resonant Frequency of the Receiver, f;

The resonant frequency of the receiver was chosen such that ./ f,> 1. The trade off is that as £,/ f,increases, the
overall voltage output gain increases. In other words, if the overall gain is too small, the ratio of f;/ f, should be
moved away from unity. However, if the ratio of f;/ f, increases, the overall gain variation also increases. To
determine the optimal ratio of f./ f,, Matlab Design Tool was used to vary f./ f, and to compare the performance of
the resulting links. Figure 1 shows different performances of the links with different ratios of f./ f,. After examining
the magnitude and the variation of the load voltage for a set of values of f;/ f,, it became apparent that for f;/ f, =
1.2, the load voltage variation was minimized. This means the resonant frequency of the receiver was f,= 1.92
MHz. The value of the shunt capacitor C, can be calculated as follows:

1

Cr= (8)

2
(()Lr
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Figure 1: Load voltage over entire design space. (a) fr/fo=1.1. (b)fr/fo=1.2. (c)fr/fo=14.
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2.2.4. Choosing Resonant Frequency of Transmitter, f;
Next, the resonant frequency of transmitter, f;, is calculated by Eq. (9) [11].

In which

kopt:\/kminkmax (11)

a)l—t Rr
=—, =—0L (12)
Q, R, Q, oL
With the determined tuning ratio, f./ f,, the receiver resonant frequency was determined with Eq. (2.5.13), and the
transmitter resonant frequency was calculated as f; = 1.12 MHz. The tuning capacitor of the transmitter is

1
a)2 L:
Finally, Matlab Design Tool was used to determine the maximum and the minimum DC load voltages from the
highly inductive link in order to specify the tolerance for the voltage regulation and other components for the rest

of the transcutaneous energy transfer system. The plot of the maximum and the minimum load voltages for the
inductive link is presented in Figure 2.

Ct= (13)
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Figure 2: The maximum and minimum load voltage for the highly coupled inductive link.

3. Results

3.1. Spiral Coil Characterization
In order to reduce the power losses in the transmission load, Litz wire was used to make the spiral coils. Both the
transmitter and the receiver coils were constructed using 270/46, 22 Gauge equivalent Litz wire (New England
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Electric Wire Corp., Lisbon, NH, USA). The number of turns in both coils was 10, and space between concentric
turns of the coils was approximately 1.18 mm. There are two methods employed to validate the coil models, as
described in Section 2.5.2.1. The first method is to use an LCR meter to extract the self-inductance and the
equivalent series resistance (ESR) values from the coils. The values extracted from RLC meter for frequencies of

120 Hz, 1 KHz, and 10 KHz are presented in Tables 3, 4, and 5 respectively.

Measured Self-inductance | Calculated Self-inductance Percent Difference ESR
(uH) (uH) (%) (mQ)
Transmitter coil 4.0 4,07 1.72 170
Receiver coil 4.05 4.07 0.49 170
Table 3: Self-inductance and ESR values extracted from RLC meter in 120 Hz
Measured Self-inductance | Calculated Self-inductance Percent Difference ESR
(uH) (uH) (%) (mQ)
Transmitter coil 3.58 4.07 12.01 168
Receiver coil 3.77 4.07 7.37 168
Table 4: Self-inductance and ESR values extracted from RLC meter in 1 kHz
Measured Self-inductance | Calculated Self-inductance Percent Difference ESR
(uH) (uH) (%) (mQ)
Transmitter coil 3.53 4.07 13.26 168
Receiver coil 3.71 4.07 8.85 168

Table 5: Self-inductance and ESR values extracted from RLC meter in 10 kHz

Measured values of self-inductance at a low frequency (120 Hz in this case) agreed with the calculated values,
while the percent difference between measured and calculated values increased with the increment of the
operating frequency. This means that the self-inductance value of a spiral coil changes when the operating
frequency changes. Alternatively, a testing circuit was implemented to extract these same values. In the circuit, R
was 10 Ohm and C was 1.78 nF. An HP 33120A function generator was used to drive the circuit. An Agilent
54621D oscilloscope measured the output voltage of the coils Vou. [If the resistance of the circuit was small, the

resonant frequency occurred atwL:%. Also, the resonant frequency occurred when the impedance

w
reaches maximum. The frequencies used for characterizing the circuit varied from 100 Hz to 3 MHz. Matlab
Design Tool was used to plot the output voltages of the coil at various frequencies (Figure 3).

Observing Figure 3, the resonant frequencies of the transmitter and the receiver coils were 1.9 MHz and 2.0 MHz,

1
#yc

respectively. According to L = , the self-inductance of the transmitter and the receiver coils can be

calculated.
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Figure3: Frequency response of spiral coils. (a) transmitter coil; and (b) receiver coils.

The values of the self-inductance of the coils are shown in Table 6.

Measured Self-inductance Calculated Self-inductance Percent Difference
from resonant circuit (uH) (LH) (%)
Transmitter coil 3.52 4.07 13.5
Receiver coil 3.50 4.07 14.0

Table 6: Self-inductance values extracted from parallel resonant circuit

Comparison between the data from Tables 3, 4, and 5 shows that there is a gap greater than 10% between the
measured and calculated values when frequency is higher than 1 kHz. The values in Table 6 were extracted
from the frequency response of the resonant circuit. The circuit was built on a breadboard. The breadboard
might affect the performance of the circuit. As a result, the difference between measured and calculated values
in the above tables is reasonable, since the value of calculated inductance is frequency independent and the
measured values of the self-inductance decrease with increasing the operating frequency. To obtain a more
accurate result at the operating frequency of 1.6 MHz, a network analyzer is recommended.
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3.2. Implementing the Highly Coupled Inductive Link

The implementation of the highly coupled inductive link is based on the coils characterized in the previous
section. First, the implementation of the transmitter begins with the calculation of the component values of class
E power amplifier according to the methodology described in Section 2.4. The values of the choke inductor, the
parallel capacitor, and the series capacitor are listed in Table 7 below.

Component name Value
Chock inductor, Lchock 33 uH
Parallel capacitor, C, 12 nF
Series capacitor, C; 3.3nF

Table 7: Calculated values of the components in the transmitter

Second, the shunt capacitor and the filter capacitor in the receiver need to be determined. The value of the filter
capacitor Cr can be calculated according to the voltage rise time required by the stimulator unit described in [21].
The values of both components, C,and C; are presented in Table 8.

Component name Value
Filter capacitor, Cy 15 nF
Shunt capacitor, C; 1.2nF

Table 8: Calculated values of component in the receiver

3.3. Highly Coupled Inductive Link Testing

The measurement of the DC output voltage with various load resistances was based on a coil separation of 1.8
cm with an axial misalignment of 0° and an angular misalignment of 0°. The values of the resistive load varied
from 100 Q to 3.3 kQ. The measured and calculated results are present on Figure 4.

Load voltage as a function of load resistance
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Figure 4. Measured and calculated values of the highly transcutaneous inductive link

with various load resistances.

Figure 4 depicts the difference between the measured maximum and minimum load voltages, which is minimized
when the operating frequency is 1.6 MHz. However, the difference between the calculated (ideal case) and
measured load voltages is maximized at the same frequency. It is observed that the maximum variation between
the measured maximum and minimum load voltages occurs at 1.4 MHz. To optimize the transcutaneous
inductive link, 1.5 MHz is chosen as the operating frequency for the link, instead of 1.6 MHz,.
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3.4. Power Transfer Efficiency

One may be interested in the overall power transfer efficiency n of a highly coupled transcutaneous inductive link.
Under a typical coupling condition, with a coil separation of 15 mm, and 5 mm of axial misalignment, the overall
DC power from the transmitter was delivered to a DC load ranging from 100Q to 3200Q,as presented in
Figure 5. The overall energy transfer efficiency of the transcutaneous energy transformer is presented in Figure 6.

Figure 5 reveals that the overall energy transfer efficiency is maximized at 33% when the DC load, Ryaq, is 100Q.
When Ryaqis 2009, the efficiency reaches 28%.
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Figure 5: Input power from the transmitter, Figure 6: Overall power transfer efficiency
calculated and measured power to the implanted load of the highly transcutaneous inductive link.

Conclusion

In this study a comprehensive design and testing of a transcutaneous energy transfer system for an implanted
system is provided, specifically targeted for gastrointestinal stimulation. The robust modeling of the
transcutaneous transformer has been validated through the design, implementation, and testing stages. The
measured results for the transformer are in a good agreement with the predicted values.
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