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Abstract

This thesis addresses signal and pattern generation for transcutaneous muscle manipulation
in medical application. The work mainly covers airway obstruction problem, a life threatening
condition of respiratory blockage which currently being treated mostly in non-electrical
approach, which suffers from problematic drawback of speed limitation. The primary aim of
this thesis is to design and implement a portable sinusoidal current generator with suitable
signal patterns to initiate relaxation of the muscle responsible for breathing channel and
maintain it relaxed for the time procedure duration, while obtaining safe operation to both the

applicator and the subject at all time.

One objective of this thesis is to introduce a sinusoidal current generator for muscle
manipulation application. In electrical nerve excitation application, the current is transfer
normally through encircling nerve cuff electrodes, which is an invasive approach and
unpractical in case of airway blockage trauma. Therefore, by operating a transcutaneous
muscle manipulation generator, the cuffed electrodes could be replaced by external electrodes
that placed on the skin and the generator could be used quickly in both life threatening situation
and routine procedures as well. To reach this goal, this work presents a two- stage current
sourcing sinusoidal generator, to drive a nonlinear load, such as the human body through the
skin and other tissues. The research includes introduction of the electrical nerve excitation and
challenges regarding through-skin operation, detailed architecture of the proposed system,
principle of operation of resonant converters and two stage resonant converter, current sensing
approach of the output current amplitude, control algorithm, practical implementation, human
interface, safety aspect and experimental results of the system preliminary prototype that was
built and evaluated.

Another objective of this thesis is to create a unique signal patterns suitable to excite nerve
blocking in quick and reversible manner. Due to uncertainty regarding the specific parameters
required to achieve the desired flaccid paralysis, the generator features separately adjusted

output current amplitude, time duration pulse and switching frequency.

Most of the research has been published in the proceedings of the IEEE Applied Power
Electronics Conference and Exposition (APEC) 2019 [1]
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Introduction

1. Introduction

1.1. Motivation

1.1.1. Airway Obstruction

Airway obstruction is the overall name for blockage in any part of the respiratory
system. The blockage can be partial or complete, in both cases preventing air to flow into

the lungs.

Among some of the causes to airway obstruction are allergic reaction, penetration of
foreign object to the throat and laryngospasm, which is an involuntary muscular spasm of

the muscles in the upper airway.

Laryngospasm is a protective reflex designed to prevent foreign object entering the
throat. It should be known that anesthesia can trigger this reflex as well. In normal cases,
the blockade due to laryngospasm can lasts for about one minute, but for anesthesia as

trigger, the obstruction can last longer.

Due to the causes outlined above, there is a hazard of chocking or complete airway
blockade. Moreover, in case the blockade is not treated immediately and rapidly, it may
result in life threatening consequences such as cardiac arrest, gastric aspiration, pulmonary
edema and arrhythmia [2].

Therefore, in order to maintain open airway by performing intubation (insertion of

flexible tube into the trachea) and ventilation, muscle relaxation is necessary.

The common practice today to achieve channel opening is by using intravenous (IV)

medications treatment.

1.1.2. 1V medications

As for today, muscle relaxation for airway management is performed by the
administration of 1V medications, which allow flaccid paralysis for fixed amount of time,
regardless the desired time, often more time than needed. There are several drawbacks to

IV medication, as detailed in the following list.
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1. Side effects: Among the common side effects of IV medications are high blood
levels of potassium, low blood pressure, muscle pains, cardiac arrest and various
neurologic damage [3]. This collateral damage may be even more dangerous and life
threatening than the original airway obstruction condition, an important fact taken

into consideration in medical decisions.

2. Speed limitation of onset and offset operation: Rapid securement of the airway path

is the most important goal while treating a patient. One of the shortest acting IV
muscle relaxants may require 20 minutes for offset and 90 seconds for onset [4].
This valuable time may be the difference between health, neurologic damage or

even death.

3. Contraindications and adverse reactions to IV _muscle relaxation: Among all the

medications given intravenous, IV muscle relaxants have the highest incidence of

anaphylactic, which is allergic reaction to an antigen [5].

4. Requirement of vein access: Performing vascular access procedure is causing an

additional delay to the entire process of airway opening.

These limitations cause delay in airway opening, in some cases their usage is prohibitive
and in critical cases can cause a permanent neurologic injury or even death from hypoxia —

which is oxygen deficiency in body tissue [6].

1.2. Electrical nerve excitation

A better alternative approach to IV medication for airway management is by using

electrical nerve excitation to relax the muscle responsible for breathing channel.

The use of electricity for control of the nervous system has been an established tool in

medicine for many years now [7].

In general, an electrical pulse can produce an action potential in a neuron that, once it
spreads out, is identical to a normal, physiologically generated action potential. This
feature makes electrical stimulation a powerful control tool of the nervous system within

the body, for various medical applications.

Many researches were conducted in order to investigate which electrical waveforms are

the ones desired to create in order to block or inhibit action potential propagation.
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The most commonly used method today for reversible electrical nerve conduction block
is known as Kilo-Hertz Frequency Alternating Current (KHFAC) [8] or Kilohertz

Electrical Stimulation (KES) [9], when they both refer to the same phenomena.

KHFAC was first introduce in 1935 [10] and since then was demonstrated in a variety
of animal models, including frogs [11] - [13], rats [14] - [16], and others [17] - [23]. These
studies have demonstrated the ability to achieve a quick, reversible, localized block of

peripheral nerve activity.

There are some unique characteristics to KHFAC. A summary of the main features is

detailed below:

1. Frequency: Based on previous studies, in order to achieve nerve conduction block a
minimum frequency of 1kHz is required [15]. Nevertheless, more commonly to find
5kHz as the lowest frequency used. As for maximum frequency, up to 70kHz was
reported as effective experimentally [14] and up to 100kHz have been evaluated in

theory research [24].

2. Amplitude: KHFAC amplitude is typically reported as current (mA) or voltage (V),
where there is a minimum amplitude requirement at a given frequency, referred to as
‘block threshold’, for production of complete block at the targeted nerve [25].

It was found that the amplitude increase linearly as the frequency increase, over the
range of 5 — 30kHz [12], [15], [17], [23], [26].

Moreover, KHFAC block has a useful feature — the percentage of the nerve blocked
could be modulated by changing the waveform amplitude [25] , therefore achieving
partially block muscle activity while retaining some voluntary muscle function.

It should be noted that low amplitude KHFAC waveforms could produce repetitive

firing in the nerve.

3. Electrodes: In order to apply KHFAC block to certain area only, an implanted
encircling nerve cuff electrodes are normally used, as can be seen in Fig. 1.1. In this
way, a localized block of the desired nerve is achieved without affecting other body

areas. However, this approach is invasive and unpractical in trauma events.
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(@) (b)

Fig. 1.1 Standard nerve cuff electrode. (a) Typical nerve cuff electrode. (b) Illustration of nerve cuff
electrode with peripheral nerve

4. Onset response: When initiating KHFAC, there is a short duration of increment in

nerve activation, named ‘onset response’ [25], [27]. The onset response can be a
large ‘twitch’ response, or a period of sustained activity.

The motor onset response can be divided into two phases: first phase is the muscle
twitch which always occurs, followed by the second phase which is period of
repetitive firing that ends with complete or partial block that can be reduced by

electrodes and waveform optimization [27], [28].

5. Effects on neural responses: KHFAC stimulator generates a variety of nerve

responses such as blocking, reversing and more, as a function of current or voltage
amplitude, frequency and pulse duration of delivery. Each of these parameters
effects on the accepted nerve block / activation.

In Fig. 1.2 a comparison between KHFAC stimulator and standard low frequency
stimulator from [8] is presented.

As can be seen, the responses of KHFAC are much complicated than the low
frequency stimulator. Also, there is a need for additional investigation in order to
fully understand the transitions between these known states. Moreover, it is unaware
if the presented states are the final number of states, or perhaps there are more

unknown states.
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Fig. 1.2 Comparison between low and high frequency stimulation presented in [8], considering the effect
of amplitude and delivery time. (@) A 20Hz frequency stimulation with three known effects on the nerve: no
nerve action, nerve activation and nerve damage. (b) KHFAC stimulation with at least nine possible known
effects: no nerve action, prolonged sub-activation, activation & quick nerve recovery, activation & carry
over, sub nerve block, prolonged sub-block, block & quick nerve reversibility, block & carry over and nerve
damage.

1.3. Benefits of electrical nerve stimulation

Among the unique characteristics of electrical nerve stimulation, as detailed in
chapter 1.2, there are two key features that distinguish it from other non - electrical
methods of nerve block, as detailed below.

1. Instantaneous activation and deactivation of nerve block operation: Electrical nerve

block occurs almost instantly. The typical duration is less than 2 seconds [25], while
for KHFAC nerve block the duration is less than 10 millisecond [29]. Comparing it
to IV medication, detailed in chapter 1.1.2, electrical nerve block occurs far more
rapidly.
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In [29] there was use in counted cycles method in order to measure the amount of
time needed to complete motor block and it was found to be in the range of 7.5 to 14

millisecond.

2. Reversibility: After the KHFAC nerve block terminate its operation, the nerve
recovers completely and return to normal activity rapidly. For example, in [25]
complete recovery of the nerve occurs within one second of the cessation of the
KHFAC.

These two important features allow conducting and reversing the nerve in a fast and
secure manner, which can be very useful in case of medical emergency in general and

airway management in particular.
1.4. Objectives and significance of the research program

1.4.1. Primary hypothesis and innovation

As mentioned in section 1.2, encircling nerve cuff electrodes are normally used today in

order to apply electrical nerve block stimulation for various applications.

For example, in [17] electrical nerve block is used to control the pudendal nerve (the
main nerve of the perineum which supply motor activity to the sphincter muscle
responsible for urination) in order to provide a treatment for restoring urinary voiding for

patients with bladder—sphincter dyssynergia.

Unfortunately, although this type of electrodes has been proven as effective for
electrical nerve block, they are invasive and not suited for airway management treatment,

especially in case of trauma.

This leads to the innovation of this research, which is to design and implement a
portable sinusoidal current generator for transcutaneous muscle application, by replacing
the cuffed electrode with external noninvasive electrodes. The external electrodes will
deliver a shaped charge to the airway nerves through the skin, thereby relaxing the relevant

muscle.

The primary hypothesis is that flaccid paralysis of the nerve could be achieved via
external non-invasive application of nerve stimulation, as oppose to current solutions. The
device, as presented in Fig. 1.3, would be most valuable in case of critical situation where

quick airway management is needed.
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Moreover, due to its advantages over IV medication, such as quick activation and
deactivation, the device could be in use for routine procedures as well as for other medical

application

Electrical Intubation
Applicator

Fig. 1.3 Abstract representation of the generator and the subject of application
1.4.2. Challenges of transcutaneous muscle manipulation

There are some challenges needs to be taken into consideration when designing

transcutaneous nerve excitation using electrical current.

First, is the non-linear behavior of the human skin, as can be seen in Fig. 1.4. In a
normal, non-conducting state, the impedance of the human skin is considered high, in the
range of several kilo-ohms. However, once conduction path is induced, the skin impedance
drops to several hundred ohms [30].

When constant current amplitude is desired during the entire conduction process, this

behavior could be problematic and should be taken care.

Skin Impedance
A

»
>

Current

Fig. 1.4 Skin impedance non-linear behavior

Another challenge is associated to the different current amplitude required to relax the

muscle and to maintain it relaxed, as can be seen in Fig. 1.5b.
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A higher current is required to initiate muscle relaxation, due to the high impedance of
the skin in this state, while a much lower current is needed to maintain the flaccid

paralysis.

|pk-pk
A
Inducing muscle

relaxation
<>

Maintaining
muscle relaxation

& »
Y >

Fig. 1.5 Current pattern generation for initiating nerve block with high amplitude and continuing nerve
block with low amplitude

The last challenge is the aspect of safety operation, to both the patient and the applicator

during the entire operation time.

One issue of safety is charge count and total charge parameters validation in order to

avoid tissue damage by accumulation of charge on the skin.

Another issue is designing a current path in order to verify that current flow solely

through the subject so there is no electrocution hazard for the applicator.
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Resonant Converter

2. Resonant Converter

2.1. Background

In order to comply with the system requirements for high frequency sinusoidal current,
there are several ways to convert DC input voltage, such as power supply or battery, into
AC current, in particular sinusoidal wave. Moreover, in standard modern electronic
systems, there is a demand for small, high quality, power efficient, lightweight and reliable
electronic [31] - [35].

There are numerous methods to create sinusoidal current source. A common one is by
using feedback oscillators (general block diagram in Fig. 2.1) such as Wein Bridge [36],
Hartley or Colpitts [37].

Vi Vo
A
plow) r<€—

Fig. 2.1 Block diagram of general feedback oscillator with sinusoidal output voltage V. , an electronic
amplifier A, build from transistor or op-amp and feedback network g(jw) constrocted from resistors,
inductors and capacitors.

Although producing virtually pure sinusoidal waveform, they have a major
disadvantage — their frequency is determined by the system passive components and cannot

be programmable as desired.

Another option is H- bridge inverter [38] such as DC -AC Buck / Buck - Boost inverter.
In this type of inverter, the output voltage frequency is determined by the sinusoidal duty
cycle frequency, named the fundamental frequency, which has to be much lower than the
switching frequency in order to allow stable system. As a result, this type of inverter is
suitable mainly for low frequency sinusoidal waveform, as oppose to the necessity in this

specific application.

The commonly used method today for high frequency sinusoidal waveform is resonant
converter [39], as will be explain extensity in the following chapter. This method is
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suitable producing sinusoidal waveform in high frequency. Due to the high switching
frequency, the size of the resonant component is smaller, allowing the system to be small

and lightweight.
2.2. First Harmonic Approximation

Resonant converter can be divided into two fundamental parts[40]: controlled switching

network and resonant tank network, as shown in Fig. 2.2.

Controlled [~ Resonant
Switching Tank Rioad
Vin | Network v Network U
i JoJ ]
SYYY L

Fig. 2.2 Abstractive representation of general resonant converter system consisting control switching
network and resonant tank network

When operating resonant converter, the controlled switching network produces a square
wave output voltage Vx(t) that can be expressed by the Fourier series (2.1 equation is for
D = 50% ). Vx(t) may consist a DC component, in case of half bridge switching network,

or without DC component in case of full bridge switching network.

4 o~ 1. Vin
Ve = —Vamp * Zn=1,35.. 7 sin(2anfo,t) + (5 (2.1)

If the switching frequency fs is designed to be in the vicinity of the resonant frequency

fr, fs=fr, and the resonance tank contain high quality factor Q at fs than the resonant tank

rings with approximately sinusoidal waveform on frequency fs.

These can be understood by the frequency spectrum shown in Fig. 2.3 , where the low
pass / band pass characteristics of the resonant tank filter all the other harmonics of the
square wave - nfs, n=3,5, ... except the fundamental component (2.2) when n=1.

Ve = =Vamp - SN2 fyt) (2.2)
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Resonant output Resonant tank Resonant current
voltage response tank
A A A
faw  3feww  Sfaw f faw  3fw Sfw f faw  3feww  Sfaw f

(@) (b) (©

Fig. 2.3 Frequency spectrum of (a) Square wave output voltage Vyx (b) Resonant tank transfer function,
high Q around f&~f; (c) Tank current is with the fundamental component only

This sinusoidal approximation allows simple equivalent circuits to be derived -
sinusoidal voltage source instead of square wave source for the bridge inverter. Moreover,
for the equivalent circuit the operation is well understood and can be solved using simple

linear AC analysis, as detailed in the following chapter.

2.3. Types of Resonant Converter

2.3.1. Background

As presented in chapter 2.2, in order to understand properly the operation of resonant
converter the first harmonic approximation was introduced. By using this approximation, a

simple equivalent circuit constructed from sinusoidal voltage source can be derived, as can
be seen in Fig. 2.4.

s Resonant
V Tank Ricad
p Network

——

LYY Y

Fig. 24  An equivalent resonant converter circuit using the sinusoidal approximation

Moreover, there are two main controlled switching networks: half bridge (HB) network
and full bridge (FB) network as can be seen in Fig. 2.5, where the operation on both is by

switching the network switches Sy and Si in a complementary manner.
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Sufs s f

Sk v s - sH_E_‘ %

(@) (b)

Fig. 2.5 Two controlled switching network (a) Half bridge network (b) Full bridge network

For each one of the networks there is different influence on Vy by the amplitude and by
the DC component, as described in (2.3) and (2.4).

Vin

Vip * sin(2rfg,t) + (2.3)

2
V = -
x_HB -

Vx_FB = %Vin ’ Sin(znfs‘wt) (2-4)

As for the different resonant tank network, this summary will focus on three main types:
series resonant converter, parallel resonant converter and series resonant parallel loaded
converter [41]. All the equation that will be presented are for HB but suited for FB as well,
under the consideration of (2.3) and (2.4).

2.3.2. Serial resonant converter

In series resonant converter the input voltage is consider to be sinusoidal as detailed in
chapter 2.2 and the inductor is in series with the capacitor and output load (equivalent
circuit in Fig. 2.6).

Ricad

Fig. 2.6 A series resonant converter equivalent circuit

The transfer function from the input Vx(s) to the output voltage Vo(s) (2.5) is compatible
with second order band pass filter (BPF) behavior (2.6), where Qs is the quality factor of

series converter (2.7) and wo is the resonant frequency (2.8).
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V, _ SRLCs
Ve (s) = S2LCg+SRLCs+1 (2.5)
Hgp(s) = % (2.6)
+5aat]
w} 0
_1|L
0 == | @7)
1
Wy = \/T_C (28)

There is a requirement of virtually pure sinusoidal waveform by filtering all the
harmonics. As a result, the system features low total harmonic distortion (THD) and a high

- quality factor Q is needed.

For the airway management application, where the range of frequency is high in order
to excite the nerve and the output resistance is high, a very high inductance L is required to
achieve reasonably high Q, which in turn translates into a physically large inductor size

(2.7), an unwanted situation for our application.

2.3.3. Parallel resonant converter

In parallel resonant converter, the inductor is placed in parallel with the capacitor and

output load (equivalent circuit in Fig. 2.7).

Rload

Fig. 2.7 A parallel resonant converter equivalent circuit

The transfer function from Vx(s) to the output voltage Vo(s) (2.9) is compatible with
second order low pass filter (LPF) behavior (2.10), where the resonant frequency wo is the
same as the series resonant (2.8) but the quality factor Qp is reversed (2.11).

Vo _ 1
Ve () = S2LCs+s+1 (2.9)
L
Hyp(s) = m—— (2.10)
—2+QT+1
w§ Qwo
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Qp =R, [-—=— (2.11)

As oppose to series resonant converter, in this case, the quality factor Qp is high for
large resistance Ry, such as the human skin, and it is more suitable for airway management

application.

Another analysis option for this converter is by applying Norton's theorem which

transforms the circuit from Fig. 2.7 into parallel equivalent, as shown in Fig. 2.8 [42].

Ricad

b 3 L]

Fig. 2.8 An equivalent circuit using Norton's theorem

If working in the vicinity of the resonant frequency, than the impedance of the resonant
network (L, Cs) is very high in comparison to the output load, thus all the current will flow
into the output load, as described in Fig. 2.9.

Ricad

Fig. 2.9 An equivalent circuit using Norton's theorem for fi~f;

As a result, if working in the mentioned conditions, the circuit behaves as current

source with different amplitude for every frequency.

However, there is DC component if using HB network. One possibility is by using FB
network, which require additional hardware. Another option, used in this study, is series

resonant parallel loaded converter.
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2.3.4. Series resonant parallel loaded converter

In this case, the inductor is placed in series with the resonance capacitor, to which the
load is connected in parallel (equivalent circuit in Fig. 2.10). The system also includes a
blocking capacitor Cs that is intended to pass the AC current to the load while filtering out
the DC component, in order to avoid DC currents. This capacitor is design to be much
larger than the resonant capacitor, Cs >> Cres, thus his influence on the resonant network is

negligibly small.

CS LFES

I Iout
Vy Cres Rioad

QO

Fig. 2.10 A series resonant parallel loaded converter equivalent circuit

The full transfer function of the system (2.12) is complicated and difficult for

understanding without simplification for different states.

Therefore, for low frequency when the inductor impedance is much lower than the
capacitor impedance (2.13) while considering that Cs >> Cres, the system becomes a

simple capacitor and resistor in series (Fig. 2.11).

Vout _ SR;Cs

Vin 1+sRy(Cs+Cp)+s?LCs+s3LCsCpRy (2.12)
1 I3

Zeg» 2y, Zeg = Twcy Z;, = jwL, (2.13)

Cs
V, H Rioad
&

AN

Fig. 2.11  Anequivalnt circuit for series resonant parallel loaded converter in case of low frequency.
The transfer function becomes first order high pass filter (HPF) (2.14) with unity gain
and known low frequency pole (2.15).

__ SRiCs
" 1+SR;Cs

Vout
Vin

(2.14)

low frequancy
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Wy = — (2.15)

"~ R(Cs

For high frequency, the inductor impedance is much higher than the capacitor
impedance (2.16) than the circuit becomes the same as parallel resonant converter (Fig.
2.7) and the transfer function becomes second order LPF (2.17) around known resonant
frequency (2.18).

Ze, K 7, (2.16)

Yout =1 (2.17)

_ = I
Vin lhigh frequancy 1+5R_l+52LCp

1

[LC,

Wy = (2.18)

Since we designed the system under the restriction of Cs >> Cyes, than these two filters
occurs in separate spectral frequency areas, when the relevant area for our application is
the high frequency spectrum, as can be seen in Fig. 2.12.
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Fig. 2.12  Bode diagram of Vo(w) in series resonant parallel loaded converter. On the left side, the system
behaves like first order HPF. On the right side, the system behaves like second order LPF.

The approximated expression for output current amplitude in case of half bridge

network is:

I =—2n_. L (2.19)

L
TRipad 14557 8+52L1e5Cres
Rioad
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It can be seen from (2.19) that the output current depends on both the input voltage Vin
and the load Ricad. Therefore, it should be taken into consideration that there is a problem

maintaining constant output current for programmable frequency and variable output load.

2.4. Characteristics of resonant converters

2.4.1. Zero voltage switching and zero current switching

The main advantage of resonant converters is their reduced switching loss. This feature
is possible due to the mechanisms known as zero-current switching (ZCS), and zero-
voltage switching (ZVS).

When the resonant converter is operated below resonant frequency, fs < fres, the resonant
tank presents a leading load to the switch network (Fig. 2.13) and the zero-current
switching phenomenon can occur, in which the circuit causes the transistor’s current to go

to zero before the transistor is turned off.

Similarly, when the resonant converter is operated above resonant frequency, fs > fres,
the resonant tank presents a lagging load to the switch network (Fig. 2.13) and the zero-
voltage switching phenomenon can occur, in which the circuit causes the transistor's
voltage to become zero before the controller turns the transistor on. Moreover, with a
minor circuit modification, the transistor turn-off transitions can also be caused to occur at
zero voltage.

Z(f)

A

Capacitive load

»
>

Fig.2.13  Impedance behavior of output load in resonant tank — seperation to capacive load and nductive
load, where the first is leading load and the second is lagging load.

In resonant converters that contain diodes and transistors, zero-voltage switching
diminishes the switching loss otherwise caused by diode reverse recovery charge and

semiconductor output capacitance. Similarly, zero-current switching can diminish the
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switching loss caused by current tailing in the transistors and by stray inductances. In
general, ZVS is preferred since the diode recovered charge and semiconductor output

capacitances are the dominant sources of PWM switching loss.

2.4.2. Challenges of resonant converters

There are some challenges operating resonant converter that needs to be taken into

consideration when designing and implementing one, as detailed below.

1. Typically, it is difficult to optimize the resonant elements such that good
performance is obtained over a wide range of load currents and input voltages.
It can be seen in Fig. 2.14 that for every different output load there is different
current amplitude, which varies over range of frequencies (except of the resonant
frequency where all the currents merge to the single maximum current). As a result,
a certain resonant converter can be useful only for small range of load, frequency

and amplitude.

~
o)
o
N [ B
@ -50
o
>
=
c
> -100( |
[§%]
P
-150
= 0\7 ) —
2 N
~— \‘\
|
8 -90 [~ —
@ |
& L
180+ il | | Ll . ‘k, \ e
10? 10° 10 10° 106 107 108
Frequency(rad/s)

Fig. 2.14  Bode plot of the resonant currnet Ires(w) for different output load Rioad

2. Significant currents may circulate through the tank elements, even when the load is
removed, leading to poor efficiency at light load. In (2.20) the connection between

the output current lou(f) and the resonant current lyes(f) is presented.

() = e = e (2.20)

1+SRle 1+]f— Q
res
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It can be seen that the currents ratio are a function of the quality factor Q, the
switching frequency fs and the resonant frequency fres. If we desire to increase the
quality factor, in order to enjoy low THD for example, then the difference between

these currents increases, as can be seen in Fig. 2.15.
Similarly, the current ratio decreases when working far from the resonant frequency.

IOI Ires

Fig. 2.15

Connection between the quality factor of the current ratio for different output load
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3. Two stage current sourcing sinusoidal generator

3.1. System requirements

As discussed in the previous chapters, our research goal is to design and implement a

portable sinusoidal transcutaneous muscle manipulator (Fig. 3.1), in order to apply

electrical nerve block stimulation on a desired nerve.

Fig. 3.1

Intubation Applicator

Regulated
Power Supply

A

Resonant
Converter

Controller

Abstractive representation of the subject of application and the generator, builed from resonant
stage, front stage and controller.

In order to achieve partial or complete nerve block, the following system requirements

need to be taken in consideration while designing the system.

1. Waveform type: Biphasic AC waveforms are the common waveforms used for

2.

3.

4.

nerve blocking as reported and evaluated in previous literature [11].

In particular, sinusoidal waveform was found to be the most effective nerve block

stimulator, therefore it was chosen is the target waveform in this study.

Frequency: As mentioned in chapter 1.2, the desired frequency range in order to

achieve complete nerve block is normally between 5kHz to 70kHz. As a result, the

switching frequency needs to be programmable and not fixed.

Amplitude: Based on previous studies, discussed in chapter 1.2, there is need for

adjusted output current amplitude for various degrees of paralysis..

Control: In order to reserve or reverse the nerve state there is a need to maintain

adjusted output current amplitude, while taking into consideration the nonlinear load

behavior of the human skin, as detailed in chapter 1.4.2.
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For these reason, a strict control of the output current amplitude should be applied,

while allowing programmable frequency, current amplitude and pulse duration.

5. Signal patterns: As mentioned in chapter 1.4.2, the sinusoidal generator should

create a unique signal patterns suitable to excite nerve blocking.

3.2. Two stage sinusoidal generator

Generation of sinusoidal current waveforms can be implemented using a single resonant
converter stage [43] — [49] like series or parallel resonant converter, as detailed in
chapter 2.

However, when driving a nonlinear load, such as the human body, through the skin and
other tissues (Fig. 1.5a), 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, much smaller amplitude current is required in order to maintain

flaccid paralysis of the muscle.

To address this challenge, a functionality of programmable pattern generation, such as

shown in Fig. 1.5b, is required.

To achieve sinusoidal current waveforms compliant with the goals outlined above, a
two-stage topology is required [50] — [53]. The topology selected in this study consists of a
first stage buck converter followed by a series-resonant parallel-loaded converter

(chapter 2.3.4). The schematic of the power stage is shown in Fig. 3.2.

The buck converter adjusts the input voltage to the second stage, whereas the second
stage produces high frequency alternating current. The resonant converter is in charge of
generating the sinusoidal waveform at the target frequency, which is maintained to be in
the vicinity and slightly above the resonant frequency in order to enjoy low THD and soft

switching.
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Stage 1 - Buck Converter Stage 2 — Resonant Converter
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dsPIC33FJ16GS502 controller Current Sensing
Fig. 3.2 Schematic of the two stage topology with the current sensing and control blocks.

The duty cycle of the resonant converter is designed to be equal to 50% at all time, due
to the characteristics of output voltage and current constructed only from odd harmonies of
sinusoidal waveform, as can be seen in (2.1). As a result, a low THD is achieved for lower

quality factor.

Moreover, the resonant stage has 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.

3.3. Front stage 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 of a laboratory power supply, step down buck

converter was selected, as can be seen in Fig. 3.3.
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Fig. 3.3 Front stage buck converter citcuit

The impact of skin conduction on the converter loading is shown in Fig. 1.5a. 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 this application where both low THD and tight frequency control are
required [22].

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.

3.4. Current sensing setup

One of the options to implement current sensing of an AC signal is by using a current
transformer. The benefit of this method comparing for example to a series-sense

resistor [54] 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. 3.4a).
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Iout Isns Vsns Vrec VPK
—> Current —> Kj > FuIIV_Vfave —»| Peak Detector—»
Transformer Rectifier
(@
Current Full Wave Rectifier Peak Detector
Transformer

Fig. 3.4 Current sensing schematics diagram. (a) Block diagram (b) Circuit level schematics.
3.4.2. Current transformer

At the beginning, the current is passed through the current transformer itself, which is
designed with high transfer ratio, 1:100 in this work. Then the current at the secondary, Isns

is converted into voltage by flowing through resistor R (Fig. 3.4b).

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 Cy is used to smooth the voltage waveform.

3.4.3. Wauve rectifier

After the current transformer, 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, as presented in Fig. 3.4b.

The wave rectifier is built from two stages, first stage is a half wave rectifier and the

second is a summing amplifier which together construct together a full wave rectifier.

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
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secondary winding of the current transformer could be raised enough above the ground to

allow unidirectional operation.

3.4.4. Peak detector

Finally, in order to reduce the sampling rate requirements of the ADC, and reduce its
power consumption, an analog peak detector is used.

The peak detector is implemented around operational amplifier to allow compensation
of the rectifying diode D3 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.
3.5. Control of two stage topology

3.5.1. Control challenge

The main control challenge in this study is associated with maintaining constant output
current in the presence of wide non-linear load variation introduced mainly by the human
skin (Fig. 1.5a).

The best way to address this challenge is by introducing an ideal sinusoidal current
source. Resonant circuits could be treated as current sources in the immediate vicinity of

their resonant frequency.

However, it is unpractical in real systems due to very high quality factor requirement,
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, than in order 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. 3.2).
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3.5.2. Two loop controller

There two simple methods for controller implementation. First is a two loop controller,
as shown in Fig. 3.5 In this case, buck converter output voltage is closed in inner loop, and
resonant converter output current is closed in external red loop. This system is easy to
stabilize, but it requires two control loops and additional components.

fref

VOUt A 4
Buck Resonant | lout

"| Converter | | ~| Converter

Y

Pattern | Irer BID Vet
Generetor PID DPWM

Current
Sensing

LController ___ _ _ _ ____________

Fig. 3.5 Block diagram of two loop controller — red loop is for resonant converter output current
regulation and blue loop is for buck converter output voltage regulation

3.5.3. Single loop controller

Another alternative approach, which was chosen in this research, is by using single loop

controller, as can be seen in Fig. 3.6.

—_———— e ——————— — - bl
I I fref
: | | \ 4
Pattern | e | | Buck - | Resonant | lout
' Generetor PID—> DPWM[T> Converter| | Converter
: |
|
| A/D le X Curr_ent <
| Controller ! | Sensing

Fig. 3.6 Block diagram of single loop controller for the resonant converter output current regulation

To address the control management requirements an MCU is used. Every cycle of the
resonant stage, the output voltage of the peak detector Vpk 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 Dguck, Which

is then fed to the front-end stage. A flowchart of the algorithm is shown in Fig. 3.7.
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Fig. 3.7 Flow-Chart of the two-stage controller

Additional MCU function is pattern generation. The references of frequency and
amplitude provided to the controller by the pattern generation block (Fig. 3.2) are varied in
time to achieve certain medical functionality. In the example shown in Fig. 1.5b, 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.

Moreover, the MCU provide a variation on the pulse duration of the nerve stimulation,
by the user request.
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4. Practical implementation

4.1. Inductance selection

The optimal operation of the resonant converter is in the inductive load range, which is
above the resonance frequency of the RLC network. This range 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 5 kHz — 70 kHz, which is the
most prominent range for nerve manipulation according to the medical
studies [11], [14], [17] , [55].

The minimum quality factor, Qmin 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 a much higher reactive currents that circulate in the
system, reduces system efficiency and steep transfer function that is challenging in terms
of frequency and gain control. In addition, high Q results an underdamped system with

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.

From the expression of the output current amplitude presented in (2.19) it can be seen

that the current is a function of the input voltage and the output load.

In order to maintain constant output amplitude in the presence of wide load range a

regulation of the resonant converter is used.

However, there is an additional necessity for programmable frequency over the desired
range. Due to the resonant feature to operate with sufficient amplitude only for small range

of frequencies, there is a need for another degree of freedom in the system.
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Therefore, in this research the solution is implemented using separate inductors, Lresn,

n=1, 2, 3... in order to achieve different resonant frequencies, as can be seen in Fig. 4.1.

VBuck
Sk

R
v

ST

| 4 |

Fig. 4.1 Resonant converter schematic with three inductors for different frequency range.

Each of the inductors is chosen to cover as much frequency range as possible. An
additional option to use the inductors connected in parallel is available, where the MCU is
responsible to switch between the inductors, depending on the requested frequency. Bode
diagram of the resonant output voltage with separate inductors, demonstrating the different

possibilities, is shown in Fig. 4.2.

Magnitude (dB)

Phase (deg)

1 10 10

Frequency(rad/s)

Fig. 4.2 Bode plot of the resonant output voltage Vo(w) in case of four different inductors with all the
option for parallel inductors.

For every inductor and his frequency range, the resonant frequency of the series
resonant tank is selected slightly lower than the lowest expected operation frequency.

Using the quality factor (2.11) and the resonant frequency (2.8) while taking into
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consideration the resonant frequency and quality factor outlined above, the values of Liyes

and Cres are selected according to:

1
Cres = —L L Coo (27 )2 (4.1)

27t fresRioad res Cres(2T fres)?

Resonant inductors are designed for the worst-case conditions, which is the highest

expected current in the circuit.

The inductors in this circuit configuration carry larger current than the current provided
to the load. The ratio between the output current lou(f) and the resonant inductor current

Ires(f) could be summarized in the following expression:

() = | (4.2)

Ires 14j:(27f)CresRioad

Rearranging (4.2) and substituting Cres from (4.1), resonant current can be expressed as:

2
Lres = oy - 1+ (% : Q) (4-3)

It follows from (4.3) 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 to be constant by the buck converter, and the switching frequency, which is set

to a certain frequency.

Moreover, another aspect taken into consideration when choosing system components is
the voltage drop over the skin at the initiation of the system, which can be higher than
needed due to control limitation. This voltage is higher when the switching frequency is far
away from the resonant frequency and for high quality factor. Therefore, although needed
high quality factor, there is a trade-off between the THD and the voltage drop.

4.2. 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, as can be seen
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in Fig. 4.3. A zero-sum reading of the transformer assures that the entire current flows in

the desired path without leakage.

Current sensor
W

Cres |

T"-.:'
<

i oy

Rload

Fig. 4.3 Current sensor for output current from the single line and the return line.

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.

4.3. Human interface

This research is conducted jointly with a team of physicians and physiologies specialize
in nerve system and airway system. Although the extensive medical researche that was
conducted in the last years, there is still uncertainty regarding the specific parameters

required to achieve the desired flaccid paralysis.

For these reason, the system prototype that was built in this study consist many features

to allow simple and comprehensive medical test.

First, there is option to modulate the main features of the system: current amplitude in 1
mA difference, resonant stage switching frequency in 1 kHz difference and pulse duration
in 500 msec difference. This specific amount of research is not fixed and can be modulated

by request.

Another option is a button to initiate system operation, after choosing the desired

parameters for the each experiment.
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5. Experimental verification

To validate and demonstrate the operation of the proposed sinusoidal generator, a
laboratory prototype of two - stage resonant converter has been design and built. The
converter is digitally controlled by a dsPIC33FJ16GS502 microcontroller manufactured by
Microchip [56].

In order to comply with the human interface required in this application (detailed in
chapter 4.3), a set of four buttons and two LEDs are added to the design, as can be seen
in Fig. 5.1.

The LEDs allow the user to know which of the programmable parameters can be

modified. The buttons operation is as follows:

1. Choosing parameter to change between current amplitude, resonant switching

frequency and pulse duration.
2. Increasing the chosen parameter by defined quantity.
3. Decreasing the chosen parameter by defined quantity.

4. Starting the system operation for the chosen parameters.

NI

Qi = 12 et
‘ ] T e, e

Fig. 5.1 System prototype on PCB with four buutons: starting operation, choosing parameter, increaing,
decreasing and two LED for display verification.
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The specification of the two stage topology are summarized in two table as detailed
below, TABLE | for the resonant converter parameters and TABLE Il for the buck
converter. It should be noted that three inductors are being used in this prototype, switched
by three relays. The reason for choosing relay over MOSFET or other switches is due to

their ability to operate fast for high voltages.

TABLE I. RESONANT CONVERTER PARAMETERS

Resonant Converter Component Value / Type
Load resistance range 100 — 10000 Q
Output voltage Vou 10V - 300V pk-pk
Frequency range fres 10 kHz - 40 kHz
Resonant capacitor Cres 150 nF
Resonant inductor Lyes 14m /2mH / 180pH
Blocking capacitor Cs 1.1uF

TABLE II. BUCK PARAMETERS
Resonant Converter Component Value / Type
Input voltage Vin 30-90V
Output voltage VBuck 0- Vin
Frequency fBuck 150 kHz
Buck capacitor C 330 pF

Buck
Buck inductor L 24pH

Buck

The load range of the resonant converter was chosen based on the highest expected
resistance of the human skin, when initiating electrocution and the lowest expected

resistance after the impedance drops to low resistance.

A typical sinusoidal current waveform of the resonant converter operation with low
distortion is shown in Fig. 5.2. The Fast Fourier Transform (FFT) transformation of lou(t)

is shown in Fig. 5.3.

The THD of the waveform in Fig. 5.3 has been calculated based on the FFT values as
can be seen in (5.1),when loun is the RMS output current of the nth harmonic and n=1 is
fist harmony in the fundamental frequency. It was found to be 2%, as desired in this

application.

2 2 2 2
outz Houez tHoyeat +tloyn

THD = JI

(5.1)

Tout1
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2z 3 4 0Ef 0.0s 20.00%/ Auto
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AVAVAVAVAVAVILY

Fig. 5.2 Converter operation on time domain - sinusoidal output current, lout (10mA/div), Horizontal
axis (500us/div)

2 3 4 nws ¥ 0.0s a00.0s/ Auto

Iout

FFT

Fig. 5.3 FFT of the output current, Top trace (red) — Output current lo,: (10mA/div), Horizontal axis
(500us/div); Bottom trace (pink) — FFT of the output current (20dB/div), Horizontal axis (20kHz/div);

The system’s response to load changes is demonstrated in Fig. 5.4. A step from light
load 1 kQ to heavy load 100 €, i.e. the condition of high initial resistance of the skin that

is reduced after the conduction is initiated is shown in Fig. 5.4a.

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. 5.4b.

It should be noted that in order to achieve a virtually pure sinusoidal output current, the
system has very high quality factor, hence, the relatively long convergence time of the

waveform.
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Fig. 5.4

(b)

Load change compensation: (a) 1000[Q2] to 100[€2]. (b) 100[€2] to 1000[€2]. Top trace (green) —

Output voltage Vour (10V/div). Middle trace (red)— Output current oy (20mA/div). Bottom trace (yellow) —
Input voltage of the second stage Veuc (10V/div)

Current pattern generation capability is shown in Fig. 5.5. Current pattern that was

discussed in Fig. 1.5 that requires higher current for short period to induce muscle

relaxation, and then much lower current to maintain muscle relaxation is shown in Fig.

5.5a, repeated at 6Hz. Additional pattern with three different amplitudes and time periods

is shown in Fig. 5.5b.
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2,00y 2 3 4 10%/ 0.0s 100.0%/ Stop

Iout

@

2,00y 2 3 4 10%/ 0.0s 100.0%/ Stop

Iout

(b)

Fig. 5.5 Pattern generation - changing current amplitude. Top trace (red) — Output current lou
(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 10kQ 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, as can be seen in Fig. 5.6.
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Fig. 5.6 Experimental setup for non-linear load change.

The resulting non-linear change in total resistance of the load could be tracked by the

system response in Fig. 5.7.

In Fig. 5.7a 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. 5.7b 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.
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Fig. 5.7 Non-linear load change during burst generation. (a) Load increase (resistance decrease); (b) Load
decrease (resistance increase).

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. 5.8. 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.

00V 2 100V 3 100V 4 208/ 208.7¢ 9.000%/ Trig'd?

f“‘*\\h .

Fig. 5.8 Non-linear load change during a single burst of pulses. Load increased and resistance decreased.
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Despite a slight increase in the output current as a response to the load, which is due to
the limitations of the controller bandwidth, overall current amplitude is maintained very

close to the reference value during the load variation period.

Another observation from Fig. 5.8 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).
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6. Discussion

6.1. Contribution of the research

The key contributions of this work are summarized as follows:

Noninvasive approach for overcoming airway obstruction — As oppose to standard
electrical nerve excitation that are being used nowadays, the suggested solution in this
research offers transcutaneous muscle manipulation using external electrodes to deliver the
desired waveform. This solution is not only non-invasive by its nature but also allows

operation in critical medical states as well as in routine procedures.

Design procedure for two stage resonant converter — Following the system
requirements for programmable frequency, amplitude and time duration while creating
unique signal patterns, a two-stage resonant converter has been carried out, detailing
control and current sensing approach. The design presents an attractive alternative for

electrical nerve excitation application.

Full design of power stage — including safety aspect and human interface — A two-
stage current sourcing sinusoidal generator has been designed and implemented on PCB.
The system consist tight control and various features to allow simple verification and
modulation of the significant parameters. Moreover, the charge flow out of each electrode
is continuously monitored to verify safety of the subject. In addition, the system features
option to modulate on real time operation several system parameters to comply with

human interface.

Design guidelines and preliminary experimental results of two stage sinusoidal
generator — This study introduces a preliminary prototype of current sourcing generator.
The system was tested for load changes response, to simulate as close as possible to the
human skin behavior, in both continuance time and during a single burst of pulses.

Moreover, an experiment on skin was made using external electrodes.
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6.2. Suggestions for future research

Some suggestions for future lines of investigation that can be developed as a result of
this thesis are outlined below:

Extend the research for various AC currents waveforms — Although sinusoidal
waveform was found to be the most promising option to achieve flaccid paralysis, there is
an interest to investigate other AC waveform, such as rectangular, bipolar pulse and so on,
and there influence on the airway nerves. Therefore, there is a need to adjust the system to

supply the various wave while allowing the programmable parameters as well.

Diminish required range of output current amplitude, switching frequency and
time duration —The following step after analyzing the results of the current system should
include more precise information about the desired parameters of the system, in order to
achieve flaccid paralysis. By doing so, the system size will be diminished and the

controller implementation would be simpler.
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