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Abstract — A sinusoidal power generator targeted to relax
muscles associated with airway channel, and to assist in human
intubation, is designed and implemented. The relaxation of the
muscles needs to be achieved through external stimulation of the
nerves, i.e. excitation of the nerves through the skin. The device is
built around two-stage power system that include a DC-DC pre-
regulation stage and sinusoidal waveform generator — series-
resonant parallel-loaded converter. The unique, non-linear load
characteristics of the human skin present a challenge for the
converter to maintain the output current regulated. This is
required to monitor the amount of charge that is transferred to the
subject. To address the challenges, the converter is operated above
the resonant frequency to facilitate current sourcing, and a pre-
regulation stage is used to control the amplitude of the sinusoidal
excitation current independent of the frequency. Load
characteristics, control algorithm, converter operation, design
challenges and critical considerations are discussed and validated
experimentally on the proof of concept laboratory prototype.
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I. INTRODUCTION

Intubation in humans is a procedure that involves inserting
tube into the trachea in order to maintain an open airway. In
emergency cases once the breathing channel is closed, the
common practice is to provide medication treatment to allow the
channel opening. There are some major drawbacks associated
with medication treatment such as delayed onset and offset
operation, requirement of intravenous access, contraindications
to use and side effects [1]-[3]. These limitations delay and
prevent airway opening and in some cases can cause permanent
neurologic injury, or death from hypoxia — oxygen deficiency in
body tissues. Much better alternative would be to excite the
nerves responsible for muscle relaxation and that will open the
breathing channel. One way to excite the nerves would be using
an electrical current (Fig. 1). One of the challenges associated
with this approach is a non-linear impedance behavior of the
skin. Before the conduction path through the skin is established,
its impedance is about kilo ohm to several kilo ohms, but once
the skin conducts, its impedance drops to hundreds of ohms [4].
Driving nonlinear load such as the body using current source
requires a tight control of the current amplitude over a wide load
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Fig. 1. Abstractive representation of the generator and the subject of
application.

range on the one hand, while on the other hand the right
excitation frequency needs to be maintained to continue the
excitation of the nerve. Previous literature covers several
excitation methods and signal patterns to influence nerves, and
while there are some studies that implement the power
generators [5], [6], the approaches used are mostly linear,
inefficient circuits that are large in size and power hungry. The
objective of this study is to design and implement portable
sinusoidal current generator with programmable application
pattern, with low Total Harmonic Distortion (THD), capable to
adjust and tightly follow output frequency and amplitude,
creating unique signal patterns suitable to excite the nerves
involved.

The rest of the paper is organized as follows: Section II
presents the architecture of the system, principle of operation of
the two-stage converter, sinusoidal current sensing approach,
and control algorithm. Section III details practical
implementation challenges. Section IV shows the experimental
results of the two stage sinusoidal generator driving tissue-
emulating loads, including step response changing from high
impedance to low impedance loads. Section V concludes the

paper.

II.  TwoO STAGE CURRENT SOURCING SINUSOIDAL
GENERATOR

Generation of sinusoidal current waveforms can be
implemented using a single resonant converter stage [7] — [13].
However, when driving a nonlinear load, such as the human
body, through the skin and other tissues (Fig. 2a), there is a



challenge to maintain current amplitude as well as
programmable frequency. In addition, current requirements to
relax the muscle and to maintain it relaxed are not the same.
Higher current is required to initiate muscle relaxation, but once
muscle relaxation is induced, a much smaller amplitude current
is required in order to maintain relaxation. To address this
challenge, a functionality of programmable pattern generation,
such as shown in Fig. 2b, is required. Additional requirements
for the final product are isolation, which is required to address
the safety issue, and total charge regulation to avoid damage to
sensitive tissues.

To achieve sinusoidal current waveforms compliant with the
goals outlined above, a two-stage topology is required [14] —
[17]. The topology selected in this study consists of a first stage
buck converter followed by a series-resonant parallel-loaded
converter. The buck converter adjusts the input voltage to the
second stage, whereas the second stage produces high frequency
alternating current (HFAC). The resonant converter is in charge
of generating the sinusoidal waveform at the target frequency
with current sourcing attributes, while the first stage buck
converter tunes the output current amplitude to meet the
reference current and compensates the resonant tank gain
variation over the frequency range of interest.

A. Series-Resonant Parallel-Loaded Converter

There are several resonant converter options suitable to
generate sinusoidal waveforms with low THD [18]. The
simplest and easiest for implementation is the series resonant
converter. However, for the range of frequencies required to
excite the nerve, a very high inductance is required to achieve
reasonably high quality factor, O (1) to maintain low THD,
which in turn translates into a physically large inductor size. The
topology of choice in this study is the series-resonant parallel-
loaded converter [12], which has a higher quality factor, Qparaiter
than the quality factor of the series resonant circuit, Qserias at
larger resistances and so it is more suitable for the application.
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Series-resonant parallel-loaded converter operates by
switching the half bridge switches Sy, Si (Fig. 3) in a
complementary manner driving the resonant network at the
target frequency. The voltage V' can be expressed using the
Fourier series:

V, = SRk 5 s SN2 fyt) + TR ()

When switching frequency fi, is in the vicinity of the
resonant frequency fres, fres = fsw, a first harmonic approximation
can be applied and the half bridge inverter is described as a
sinusoidal source connected to a series resonant network with a
parallel load, as shown in Fig. 4 [19]. The voltage V', can be
simplified and expressed as:

V, = 2Bk sin(2mf,,, t) + “Euk 3)
To avoid DC currents through the inductor, blocking
capacitor C; is used. For C; >> C,., the expression for output

current according to the notations of Fig. 3 is:
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where the resonant frequency fres is:
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Fig. 3. Schematic of the power stage and control blocks.
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It can be seen from (4) that the output current depends on
both the input voltage V. and the load Rjyas. Therefore, in order
to maintain constant output current in the presence of load
changes and fixed frequency, additional degree of freedom is
required, such as the ability to change the input voltage to the
resonant stage Vayci.

B. Front-End Buck Converter

The function of the pre-regulation stage is to adjust the
amplitude of the output current in the presence of wide load and
input voltage variation. Input voltage variation could be due to
the battery charge/discharge, while load variation comes from
non-linear characteristics of the skin. Pre-regulation stage could
be DC-DC converter to provide step-up, step-down or step-
up/down options depending on the source, and desired operation
range. Since the prototype developed in this study has been
operated off a laboratory power supply, step down buck
converter was selected. The impact of skin conduction on the



converter loading is shown in Fig. 2a. For the matter of response
evaluation, skin-loading behavior could be approximately
modeled as a step from high impedance to low impedance load.
Step from high impedance to low impedance results in a rise of
the load current amplitude.

One possible option to compensate the change in output
current amplitude is to shift the switching frequency and change
the gain of the resonant converter. This is however, prohibitive
in the application where both THD and tight frequency control
are required [20]. The alternative solution is to use pre-
regulation stage to adjust the voltage fed to the resonant
converter, which in turn adjusts the amplitude of the output
current. PWM control is employed to adjust the output of the
buck stage, and the control loop is designed to adjust the duty
cycle of the buck stage as a function of the amplitude of the
sinusoidal output current.

C. Current Sensing

One of the options to implement current sensing of an AC
signal is using a current transformer. The benefit of the method
comparing for example to a series-sense resistor,[21], is the
efficiency. Current amplitudes required in this study are in the
range of 1 mA to 30 mA. In order to facilitate good signal to
noise ratio and to create an acceptable interface to the
microcontroller’s Analog to Digital Converter (ADC), the
sensed current is passed through several gaining and shaping
units (Fig. 5a).

First is the current transformer itself, which is designed with
high transfer ratio, 1:100 in this work. Then the current at the
secondary, Iy is converted into voltage by flowing through
resistor R; (Fig. 5b). It should be noted that although low current
amplitudes are measured, a high attenuation current sensor is
used. This is to facilitate reduced interference measurement with
low power consumption. In addition, since the output current
(rather than the resonant one) is the target of this application, it
is desired to add minimal amount of additional parasitic
inductance to the loop. Capacitor C; is used to smooth the
voltage waveform. Next, a full wave rectifier built around
operational amplifier both rectifies the sinusoidal signal and
further amplifies it to match the dynamic level of MCU’s built
in ADC. Finally, to reduce the sampling rate requirements of the
ADC, and reduce its power consumption, an analog peak
detector is wused. Peak detector is implemented around
operational amplifier to allow compensation of the rectifying
diode D; voltage drop. The time constant of the peak detector is
selected approximately ten times the period of the sinusoidal
waveform to both, filter out the ripple, and smoothly follow the
sinus peak value. The amplifiers are fed with bipolar power
supply to allow the negative input of the sinusoidal waveform.
Alternatively, the potential of full wave rectifier reference and
the secondary winding of the current transformer could be raised
enough above the ground to allow unidirectional operation.

D. Control of a Two Stage Topology

The main control challenge in this study, associated with
maintaining constant output current in the presence of wide non-
linear load variation introduced mainly by the human skin (Fig.
2a). The best way to address it is by introducing an ideal
sinusoidal current source. Resonant circuits could be treated as
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Fig. 5. Current sensing schematics diagram. (a) Block diagram (b) Circuit
level schematics.

NO

Steady State

JYES

ADC
Sample 7,

DPWM
Update Dp,e,

Fig. 6. Flow-Chart of the two-stage controller.

current sources in the immediate vicinity of their resonant
frequency. However, it is unpractical in the real system due to
very high quality factor required, which in turn poses another
challenge of locking in the operation frequency close enough to
the resonant frequency. Finally, if the operation frequency needs
to be adjusted on demand, to maintain current source
characteristics a continuously variable resonance component is
required. An alternative to ideal current source would be a
controlled system that is able to regulate the frequency and the
output current amplitude independently. The user has an
independent freedom to change the frequency of the second
stage, by adjusting the switching frequency of the resonant
converter, and to adjust the output current amplitude by
regulating the voltage of the first stage (Fig. 3).

To address the control management requirements an MCU
is used. Every cycle of the resonant stage, the output voltage of
the peak detector Vpx is sampled by the ADC. Then, a
calculation of the current error is preformed and if the error
exceeds the maximum acceptable limit, a PID compensator
calculates the new duty cycle Dauc, which is then fed to the
front-end stage. A flowchart of the algorithm is shown in Fig. 6.
Additional MCU function is pattern generation. The references
of frequency and amplitude provided to the controller by the
pattern generation block (Fig. 3) are varied in time to achieve
certain medical functionality. In the example shown in Fig. 2b,
first muscle relaxation is induced with higher current for short



period, and then in order to hold the muscle relaxed, the current
is significantly reduced and maintained for a longer period.

E. Safety

An important aspect of medical devices regards to safety
concerns for both the subject and the applicator. To assure that
current flows on to the subject alone within the confined region
of the contact electrodes, i.e., there is no electrocution hazard to
the applicator, the current flow needs to be governed and
monitored on both electrodes. This can be facilitated using a
single current transformer, occupying two turns on its primary,
one turn from the signal line and the other from the return path.
A zero-sum reading of the transformer assures that the entire
current flows in the desired path without leakage. It should be
noted that although isolation is used in the application, parasitic
capacitance leakage is still feasible, and therefore an extra
measure of caution needs to be employed. To satisfy the safety
of the subject, and to prevent damage or burn of the sensitive
tissues due to arching, the charge flow out of each electrode is
continuously monitored, so that the application does not exceed
the allowed per pulse as well as accumulative charge quantity.

III.  DESIGN CONSIDERATIONS AND PRACTICAL

IMPLEMENTATION

The load range of the converter is located in between 100 Q
to 10 kQ [4]. The minimum quality factor, Qui» of the series-
resonant parallel-loaded converter is selected according to the
THD requirements. Very high quality factors however, are
undesired either. High quality factor results in much higher
reactive currents that circulate in the system and reducing
system efficiency, steep transfer function that is challenging in
terms of frequency and gain control. In addition, an
underdamped system has long convergence time. Therefore, the
upper limit for the quality factor is limited to around 100, while
the minimum quality factor has been selected to be three. To
maintain the minimum quality factor, the design of the converter
is carried out for the worst-case conditions, i.e. the load
resistance of 100 Q. Operation of the converter is desirable in
the inductive range, i.e. above the resonance frequency of the
RLC network, which provides current sourcing behavior and
enables ZVS of the main resonant converter switches, and as a
result, lower losses are obtained. The target operation-frequency
range in this study is set to 10 kHz — 40 kHz, which is the most
prominent range for nerve manipulation according to the
medical studies [22] - [25]. It is implemented using separate
inductors, L, to achieve different resonant frequencies. The
resonant frequency of the series resonant tank is selected slightly
lower than the lowest expected operation frequency. Using (1),
(5) and the considerations of the resonant frequency and quality
factor outlined above the values of L, and C., are selected
according to:
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Resonant inductor is designed for the worst-case conditions,
which is the highest expected current in the circuit. The inductor
in this circuit configuration carries larger current than the current
provided to the load. The ratio between the output current /.

Cres =
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and the resonant inductor current /,.; could be summarized in the
following expression:
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Rearranging (7) and substituting C,.s from (6), resonant current
can be expressed as:

Lies = loye " |1+ (% ’ Q)Z (3)

It follows from (8) that the worst-case conditions for resonant
inductor, in terms of maximum resonant current, occur at the
highest quality factor. This conclusion holds assuming the rest
of the parameters are kept constant, such as the output current
that is maintained constant by the buck converter, and switching
frequency that is set according to the medical specifications.

To avoid DC offsets associated with parallel loading of the
series resonant circuit fed off a half bridge, a blocking capacitor
C; is used. Blocking capacitor Cs, is selected to be large enough
comparing to the resonant capacitor Cy.,, to minimize the ripple
and maintain the voltage constant.

IV. EXPERIMENTAL VERIFICATION

To validate the design presented in this study a laboratory
prototype of a two stage resonant sinusoidal generator has been
designed and built. The converter is digitally controlled by a
dsPIC33FJ16GS502  microcontroller ~ manufactured by
Microchip [26]. The parameters of the system are summarized
in Table I. Converter operation is shown in Fig. 7. Sinusoidal
current waveform with low distortion is shown in Fig. 7a. The
FFT transformation of ., is shown in Fig. 7b. The THD of the
waveform in Fig. 7b has been calculated based on the FFT
values, and found to be 2%.

The system’s response to load changes is demonstrated in
Fig. 8. A step from light load 1 kQ to heavy load 100 Q, i.e. the
condition of high initial resistance of the skin that is reduced
after the conduction is initiated is shown in Fig. 8a. The system
adjusts to the reference output current in less than 2 ms, which
is approximately 30 switching cycles of 14 kHz sinusoidal
waveform, and is approximately the quality factor of the circuit
at these conditions. An opposite step from heavy load of 100 Q
to the light load of 1 kQ is shown in Fig. 8b. Current pattern
generation capability is shown in Fig. 8Fig. 9. Current pattern
that was discussed in Fig. 2b that requires higher current for
short period to induce muscle relaxation, and then much lower
current to maintain muscle relaxation is shown in Fig. 9a,
repeated at 6Hz. Additional pattern with three different
amplitudes and time periods is shown in Fig. 9b.

TABLE I - TWO STAGE SYSTEM PARAMETERS

Component Value / Type

Input voltage V;, 22V

Load resistance range 100 — 10000
Output voltage Vou 10V - 300V pk-pk
Frequency range f.s 10 kHz - 40 kHz
Resonant capacitor Cies 150 nF

Resonant inductor Ly 2 mH/ 180pH
Blocking capacitor C 1.1 pF
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Fig. 9. Pattern generation - changing current amplitude. Top trace (red) —
Output current 7,,, (10mA/div). Bottom trace (yellow) — pattern synchronization
signal.

An experiment with a non-linear load, bringing the load
behavior as close as possible to the behavior of the skin and
tissues around the neck was carried out. For this purpose a
pattern of pulse bursts, where the pulse output is toggled
between on and off state was generated, and the load was varied
from burst to burst. Load variation was carried out by initially
connecting a 10k resistor to the output, and then one of the
experimenters was touching with his hand the application
electrodes, connected to the output in parallel to the resistor Fig.
10. The resulting non-linear change in total resistance of the load
could be tracked by the system response in Fig. 11. In Fig. 11a
an experiment with a decrease in the output resistance is shown,
i.e. the experimenter is touching the electrodes approximately
after 3 horizontal divisions (at 60ms). As a result, buck output
voltage (green trace) and the amplitude of the output voltage
(yellow/brown trace) begin to decrease, while the amplitude of
the output current is maintained constant, within the bandwidth
limitations of the controller. In Fig. 11b an experiment with an
increase in the output resistance is shown, where the
experimenter holds the electrodes at the beginning, and releases
them at approximately 100-110ms.

rLS
rgy % %

Fig. 10. Experimental setup for non-linear load change.
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Fig. 12. Non-linear load change during a single burst of pulses. Load increased
and resistance decreased.

As a result, buck output voltage (green trace) and the amplitude
of the output voltage (yellow/brown trace) begin to increase. As
in the previous case the amplitude of the output current is
maintained constant by the system, achieving a behavior of
nearly ideal current source.

To evaluate the system response to non-linear load
application during a single burst of pulses, a 20ms burst was
generated, and an experimenter touching of the electrodes was
timed to coincide with approximately the beginning of the burst.
The resulting system response is shown in Fig. 12. It can be seen
that during the first 10ms after the beginning of the pulses burst,
and the application of the non-linear load, the system carries out
a series of corrections to maintain the current constant. Despite
a slight increase in the output current as a response to the load,
which is due to the limitations of the controller bandwidth,
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overall current amplitude is maintained very close to the
reference value during the load variation period. Another
observation from Fig. 12 is the non-linear practical response of
the skin and the tissue, which is due to the constant current
maintained by the system, could be derived from the buck output
voltage (green trace).

V.

A two stage sinusoidal current generator for muscle
manipulation over the skin has been presented. High THD along
with independent frequency and amplitude generation is
achieved. The generator is capable to generate continuous
current patterns tightly following the reference values in a
presence of non-linear load, the skin in this case. Converter
implementation is presented, control and current sensing
approach is shown, design and implementation challenges along
with their solutions are discussed. The requirements and
challenges associated with assisting in human intubation i.e.
target medical application are presented. The system was
validated experimentally, running a series of experiments,
including non-linear loads, and found to be in a good agreement
with expected behavior.

CONCLUSION
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