Feedback Analysis of Transcutaneous Energy
Transmission with a Variable Load Parameter

The transcutaneous energy transmission system (TETS)
composed of a Class-E amplifier may operate at a state
away from the optimum power transmission due to the
load variation. By introducing the feedback-loop
technique, the TETS can keep the optimum state with
constant output voltage by adjusting the important design
parameters, that is, the duty ratio and frequency of the
driving signal and the supply voltage. The relations
between these adjusted parameters and the load are
investigated. The effectiveness of the feedback technique is
validated through a design example with a variable load
parameter. The experimental results show that the Class-
E amplifier in the feedback loop can keep operating at the
optimum state under the condition of up to 50 percent
variation of the load value.
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1. Introduction

The transcutaneous energy transmission system (TETS) with
a Class-E amplifier is commonly used for the wireless
powering system in the implanted electronic devices. The
efficiency of the powering system is of critical importance due
to the possibility of the tissue damage caused by overheating.
However, this efficiency may become poor, and the output
voltage may change due to load variations caused by the
operating state of the implanted devices or the charging state of
the implanted battery.

Much effort has been invested in reducing the efficiency
decline by such methods as adjusting the frequency of the
driving signal [1]-[3], or compensating the transmitting coil
with an electrically controllable inductance [4], maintaining the
output voltage constant by adapting the compensation
capacitor [5], or by controlling the supply voltage with the
receive data [6]. However, analytical expressions of the
feedback control rules for the Class-E amplifier are not
presented, and the Class-E amplifier may not operate in the
optimum state [7]-[9] by only adjusting the frequency or the
duty ratio of the driving signal when the load parameter
changes. Therefore, the efficiency may not be the best.
Adjusting the supply voltage may keep the output voltage
constant when the load parameter changes, but this cannot
maintain the optimum state of the TETS.

In this paper, we present an optimal design methodology for
the TETS driven by a Class-E amplifier. Analytical expression
for each component was derived at any duty ratio, and then a
design example was designed and analyzed. The duty ratio, the
frequency, and the supply voltage, which are adjusted to keep
the TETS operating at the optimum state with a constant output
voltage with respect to the load parameter, were derived. A
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Fig. 1. Schematic diagram of the transcutaneous energy

transmission with a Class-E power amplifier.
design example was constructed to validate the expressions.

II. Circuit Description

A schematic diagram of the simplified model of a typical
TETS is shown in Fig. 1. This model consists of a primary
circuit with a Class-E power amplifier, a secondary circuit with
a resonant circuit and a rectifier, and a pair of inductive coils by
which the transcutaneous energy can be transmitted from the
primary circuit to the secondary one [3]. The Class-E amplifier
consists of a choke coil Lg a switch S, a shunt capacitance C,
and series resonant circuit comprised of a capacitance C; and a
transmitter coil L,. The resonant circuit consists of a receiver
coil L, and a resonant capacitance C,. The rectifier consists of a
rectifier diode D, and filter capacitance C.. R is the load
parameter.

The secondary circuit contains a diode, thus making this
circuit nonlinear. To facilitate derivation of analytical
parameter equation for each component, the secondary circuit
is converted to a linear model by transferring the DC load to
an AC equivalent linear load. The inductive coils link the
primary circuit and the secondary circuit, and the impedance
of the secondary circuit can be reflected into the primary one
[11]as

oM’
eL Z

2

ok LL, (4+ ;R

) 4R’ +[ @,L, (4+ 0} CIR] )~ 0,C,R;] ]2
<2k - j[ oL, (4+ @CIR ) - 0,CR: |}

=R, +jX M

eL?

where w, is the operating frequency, M is the mutual
inductance of the primary coil L, and secondary coil L, with
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Fig. 2. Schematic diagram of the primary circuit with a reflected
back resistance.

M?=k’LL,, k is the coupling coefficient, Z, is the
impedance of the secondary circuit looking into the receiver
from the mutual inductance, and Ry and X are the real and
imaginary parts of Z , respectively.

With the reflected impedance Z, , the primary circuit can be
redrawn as a basic Class-E amplifier as shown in Fig. 2. v,
with the duty ratio D and angular frequency wy, is the driving
signal for the Class-E amplifier.

[I. Component Determination at Any Duty Ratio

When the TETS load Ry changes, the reflected impedance
Zq will change. The Class-E amplifier in the primary circuit
may lose its optimum state, and the output voltage may also
change. The duty ration D and angular frequency @, of the
driving signal v, require adjustment to make the TETS return to
the optimum state: the supply voltage needs to be adjusted to
keep the output voltage constant. In order to derive D and w,
as functions of Ry, the circuit component parameters are
obtained as functions of D and w, by frequency domain
analysis of the steady-state switch voltage v; and output current
of the Class-E amplifier i,. This happens under the
assumptions that the choke coil is large enough and the load
quality factor is high enough.

According to the assumption of the high load quality factor,
the sinusoid output current of the Class-E amplifier i,; can be
expressed as

i,(0)=1,,sin@, @)

where 1,,, is the current amplitude and 6 = @t is the phase
angle. Considering the large choke coil, the input current /pp is
approximate to direct current.

For the zero-voltage switching (ZVS) condition and zero-
derivative switching (ZDS) condition [7], [8], [10], the output
current #,; equals the supply current /pp at the instant when the
switch turns on, as shown in Fig. 3. The relationship between
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Fig. 3. Steady-state voltage and current waveforms of the ideal
Class-E amplifier.

Ipp and i, can be expressed as

Ip=1,,sn6;,

€)

where 6, =7-6,,, O,, is the phase angle difference
between i, and v,.

For the ZVS condition [7], [8], [10], the charge quantity of
the shunt capacitance C is equal to the discharge in one switch-
off duration, that is, the areas of the slash and back slash in Fig.
3, equal each other. fx can be determined as

0. — tan"! 1-cosé,
=

> “)
2w —6, +sind,
where 6, = 27D is the phase duration of v,.

If the ZVS and ZDS conditions are satisfied, the average of
the shunt capacitance current ic is zero. Hence, the switch
voltage v, can be expressed in the frequency domain as

):Ic(ja))

joC ’ ©)
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where Ic(jw) is the Fourier transform function of ic. In the
switch off duration, i, =/, —i . In the switch on duration,
i = 0. ic can be expressed in the frequency domain as
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Since the choke coil is large enough, the input current is
direct, and the voltage drop of the choke coil is zero. Hence, the
supply voltage Vpp equals the DC voltage component of Vs,
writing;

1

Vs (0) _ olm

= 7
27w,C ?

Voo =

. 6 .6
where  « =-6,0.sin6, +6, cos?Dcos 0.+2 51n7Fcos 6.

+20. sin%’sin(@c), 0, =27-0,,and 0, :67”—6’)( .

The load impedance of the Class-E amplifier at @, can be
expressed as Z, =R, + j(X, +w,L, —1/®,C,), and it can
also be determined by Z,, =V (@,)/1,, (e, ) in the frequency
domain, where Vs (wy) is the steady-state switch voltage and
I, (@, )is the output current. Hence, the real and imaginary
parts of Z;; can be obtained as

1
= 8
* 27w,C ®)
and
Xovap - o
N 27ra)0C7/’

where f=[sin6, +sin(6, -6,)] and 7 =6, cos26, +
sin g, cos 20, .

In the TETS, the duty ratio D, the supply voltage Vpp, and
the output power P, are always design parameters. P, equals
the input power P, if the parasitic resistance of each

component is zero. From (3), (7), and (8), R, can be expressed
by P ns VDD’ and D by

_ Bsin0 7y,
apb,

R, (10)
With the calculated R, the shunt capacitance C can be
determined by (8). The inductance L, can be obtained by
L, = OR, / w, with the given quality factor Q. As L¢is required
to be a suitable value, it can be determined by
L, =2(7*/4+1)R, / f[12].
From (1), the resonant capacitance C, is determined under

the resonant conditions (@, =1/./L,C, )as

2R
CZ = % . (1 1)
w k" LR,

Then the resonant inductance L, is obtained by the resonant
conditions. At last, the capacitance C; can be determined from
.

If the secondary circuit is adopted as a linear one, the TETS
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Table 1. Design parameters of the TETS.

Parameter Value
Output power (Pour) 1w
Supply voltage (Vpp) 6V
Quality factor (Q) 10
Duty ratio (D) 0.5
Operating frequency (f) 1 MHz
Coupling coefficient (k) 0.2
Load resistance (Ry) 1 kQ

Table 2. Component values of the TETS.

Component Value
L¢ 400.0 uH
C 1.4 nF
L 33.0 uH
C 907.3 pF
L, 31.8 uH
G 795.8 pF
Ra 208 Q

with the design component parameter will operate in the
optimum state. If the secondary circuit is adopted as a
nonlinear circuit, it needs additional component parameter
adjustments to make the TETS operate in the optimum state. In
order to facilitate the feedback analysis, the secondary circuit is
considered to be a linear one.

IV. Design Example

The component parameters are functions of the duty ratio D
and the angular frequency w, Conversely, D and w, have
relations with component parameters as well as the load
parameter R;. In order to derive the variation treads of D and
w, with respect to Ry, the TETS driven by a Class-E amplifier
is analyzed in a design example as follows.

1. Design Parameters

The example is designed to operate at the design parameters
given in Table 1, and the calculated component values are
calculated and shown in Table 2.

2. Variations of the Load Parameter

The variation of the load parameter R; will lead to the
detuning of the Class-E amplifier. It is necessary to adjust the
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duty ratio D and the frequency w, of the driving signal v, to
keep the Class-E amplifier tuning when R; changes.

Combining (1), (8), and (9), the relationship between D and
w 1S determined as

2
LCR wg_ﬂwg{uz _%]Wiﬁzo.

R 2 Ca «a

(12)

It is a cubic equation at the given D and R;. Although the
equation has three roots, only one effective real root satisfies
the design example. Substituting this effective root back into
(1) and (8), D and w, with respect to R, are obtained and
shown in Figs. 4 and 5, respectively. The Class-E amplifier
can be tuned in two operating regions: operating region 1 and
operating region 2. The operating region 1 contains the
design D and w,, and the D variation range is between 0.4
and 0.7, which is a suitable duty ratio for the Class-E
amplifier. However, the duty ratio of the operating region 2 is
between 0.1 and 0.2, and it requires a much larger Vpp to
reach the designated output power, thus, the operating region
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2 is not suitable for an actual application.

The output voltage ¥, is expected to keep constant when Ry,
changes. The load Ry changes, and the output power P, will
also change. Thus, the input power P, is required to be
changed. Ignoring the parasitic resistance of each component,
the output power Py, equals the input power P;,, when the
TETS operates in the optimum state. From (8) and (10), Vpp,
as a function of Ry, is determined and shown in Fig. 6. The
supply current Ipp and the output current amplitude of the
Class-E amplifier /,;,, from (2) and (7) can be seen as functions
of Ry (Fig. 7). Ipp and I, decrease when R increases.

3. Feedback Control

In order to implement the feedback control, the adjusted
parameters need to vary with the load R; as the designated. The
phase difference 6pp, which is between i, and v,, will vary
with the load parameter, and can be employed as the feedback
quantity. As shown in Fig. 8, the current transformer (CT) (note
that the output voltage of the CT will add 90° of phase shift)
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Fig. 8. Block diagram of the feedback control system.

detects the phase of the output current i,;. The output of the
phase comparator is the control voltage vg, which varies with
Gpp in direct ratio. vr controls the Class-E control unit to output
Ve, Whose duty ratio D and angular frequency w, vary with R,
as shown in Figs. 4 and 5, to keep the class-E operate in the
optimum state. vg controls the supply voltage control unit to
keep the output voltage constant.

4. Experiment

In order to experimentally validate the closed-loop model
of the inductive power link, the design example was
constructed and tested. The secondary circuit was adopted as
a linear model. The MOSFET IRF 510 was employed as the
switch. The driving signals were derived from a function
generator. All capacitors were Silver Mica, and the inductive
coils were made of the Litz wire which consists of 200
strands with the diameter of 0.1 mm. The capacitors and the
inductors were measured at the intended operating frequency
of 1 MHz.

The load parameter was designated to vary £50% from the
nominal load value. The corresponding adjustments of the duty
ratio D, the angular frequency @, and the supply voltage Vpp
are shown in Table 3. The wave forms of the switch voltage v,
and the output voltage v, are shown in Fig. 7. Note that vy
returns to zero smoothly when the switch turns on, and the
slopes of v, are zero at the turn-on time; therefore, the Class-E
amplifier operates at the optimum state. The parasitic resistance
of each component are actually exists, and the efficiency is
different at different load R; [13]. Vpp requires additional
adjustment to keep the output voltage constant. Vpp was
adjusted to 5.1 V, 6.4 V, and 7.0 V when R, were 500 Q,
1000 Q, and 1500 €, respectively. The input power Py, the
output power Py, and the efficiency # are shown in Table 3.
The efficiency is lower when the load is smaller because the
equivalent load resistance R, is smaller, and parasitic
resistance affects the power link more. In the low power
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Table 3. Adjusted parameters, power, and efficiency.

R]_ D f VDD Vo Pin Pout 77
(kQ) MHz)| (V) | (V) [ W) [ (W) | (%)
0.5 0.63 0.95 4.5 31.6 2.35 2.00 | 85.1
1.0 0.50 1.00 6.0 31.6 1.11 1.00 | 90.1
1.5 0.43 1.07 6.8 31.6 0.70 0.67 | 95.7

implant system, such as the retinal implants, the cochlear
implants, and the functional electrical stimulation
applications, the reflected resistance will be large at the same D
and Vpp. The effects of component parasitic resistance will be
low, and the efficiency will be large.
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V. Conclusion

The TETS with a Class-E amplifier was analyzed and the
design equations were derived at any duty ratio. A design
example was adopted to analyze the variation trends of the
main electric parameters, such as the duty ratio and frequency
of the driving signal and the supply voltage, varied with the
load parameters. The duty ratio and frequency of the driving
signal were adjusted to keep the TETS operating at the
optimum state, and the supply voltage was adjusted to keep the
output power constant. The design example with a load
variation of +50% was constructed to validate the theory
model, and the experiment result shows that the power link
operated at the optimum state with a constant output voltage.
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