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Abstract

A high-efficiency transcutaneous power regulatordidificial hearts with pulse-
width-modulation phase-locked-loop (PWM-PLL) comhtnas been built with a digital signal
processor (DSP) as the primary side controller,aandw method of sensing the output
voltage inside the human body utilizing the samegrdranscutaneous transformer as the
medium for signal transmission is introduced. Téedback signal is modulated in the
secondary in a frequency band above the PWM-PLioffiftequency and below the
converter switching frequency. In this way, thediegck signal can be demodulated from the
primary current that can be measured. A SPICE maade! for the double-tuned resonant
converter is developed to help design the contragb land the selection of modulation-

demodulation frequency bands.

A hardware prototype using a single-chip DSP togettith analog filters was built
and the control software was implemented in DSBnam codes. A phase-locked-loop
(PLL) switching frequency locking function is congtted by using an on-chip analog
comparator. It saves extra hardware for the PLLUroarlUsing a DSP controller, closed-loop
stability control can be implemented as softwamescand digital control algorithms are
used in the system design. The steady-state vdibagecontrol algorithm uses a modified Pl
controller with input voltage feed-forward. Anothemftware module is added to shorten the
time of output voltage transient in the event obatput load change. This algorithm is
based on the response characteristics of the priside inductor current and output loading

estimation.

The power efficiency of the regulator system idrapted by setting the switching
frequency close to the resonant point. The regu#iificiency is between 87% and 94% for
the output load power from 12W to 60W. For a m@sinicted output power range
commonly used by artificial heart systems (15W W35he power efficiency is over 90%

for all loads.
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Chapter 1 Introduction

1.1 Background

With the increasing number of biomedical deviceplanted inside the human body,
methods of providing safe power sources to thesieee have been studied for a long time.
Power supplies through direct wiring are not enagad because these methods of power
delivery have the potential risk of infection asated with wires across the skin. On the
other hand, Transcutaneous Energy Transfer (TEH) pawer coupling through the skin
without direct electrical connectivity becomes faxable. The TET technique is
implemented through a transcutaneous transformerenthe primary and the secondary
coils are separated by the patient’s skin, fornting electrically isolated systems during the
process of power transfer. A common way of powamgfer is through an inductive power
link. Inductive powering has been a reliable amapde method to wirelessly transfer power

and data over short distances.

In this thesis, the design of a transcutaneous poageilator for artificial hearts is
discussed, and a new method of passing secondytaoltage information to the primary

for closed-loop regulation is proposed.

To begin with, it will be instructive to know whdevices are now implanted inside
the human body, and what their typical power regqugnts are. The following is a list of

implantable biomedical devices that can be fous@athe human body:

® Cochlear implants, also known as bionic ears, amgically-implanted electronic
devices that partially restore hearing of deaf by applying electric stimulation to
the auditory nerve. The power consumption is < 8. ifihey are powered by

inductive coupling.

o Retinal implants in the visual cortex help restasgon either through retina
stimulation via the optical nerve or directly stilaing the cortex. The power

consumption is 3.2 mW, and they are also powereddyctive coupling.

® Cardiac pacemakers are devices that help regudaie thythms and restore the
heart’s pumping function through electrical stintida. The natural rhythmic
electrical signals from the atria are detected@modessed, and the output is a
properly timed sequence of pulses to stimulateséimricles to contract. The power
consumption is in the order of 1Q8V. Energy source may be provided by lithium-ion

batteries.



® Implantable cardioverter-defibrillators (ICD) amaall battery-powered electrical
impulse generators which are implanted in patieiits are at risk of sudden cardiac
death due to ventricular fibrillation and ventrigutachycardia. The devices are
programmed to detect cardiac arrhythmia and coitrégtdelivering a jolt of
electricity. A power of 4-6 W for a period of 6 1& seconds is required during the
time of electrical shock generation. At normal tjrthee power consumption is low.
Nowadays, the functions of pacemakers and defitwils are usually combined

together and the final devices are commonly redetoeas ICD.

® Implantable drug delivery systems deliver metereskd of a drug to localized sites,
eliminating the requirement of manual handlingadidition, drug doses can be
delivered to the disease location in a highly cotreged form that would be
damaging to the body if delivered in a traditiome&nner. The drug delivery system
may be implemented with implantable micro-electreetranical systems (MEMS).
The device would be permanently implanted and depzfidelivering daily doses of a
drug for up to 1 year. The power requirement ofdystem is typically ~37QW.
Power and communication with the device would lwvioled by wireless links that

would only be activated when required.

® The capsule endoscope is not a real implant, butedess electronic system that
operates over the entire length of the small iiftestt captures the internal image by
camera and delivers the image in real time by edawk. Typical power consumption
is ~128.4 mW. The device may be powered by a ssimdl battery, but for longer time
operation and higher quality video images, the aewill be powered by inductive

coupling.

o BMI (brain-man-interface) is a set of sensors thatnplanted inside the brain that
records activity of different regions of the bralilme power consumption depends on
the number of sensors. A typical value is ~13.5 Ml sensors may be powered by

implanted battery or via inductive coupling.

Another device that can be implanted inside thednubody is the artificial heart, and
it is used to replace the normal heart. The maictfans include circulation of the blood
flow within the human body and regulation of thedd pressure within a normal level range.
Due to the operation of the blood pump, the poweasamption for the artificial heart is
much higher than all other implants. It is rangexif 15 W to 35 W. The power requirement

for the artificial heart system is much higher thia@ other implanted devices. Thus, the



power supply requires larger coils for the trananabus transformer so that sufficient

energy can be provided by the inductive link.

1.2 Near Field and Far Field

The setup of wireless links for transfer of powemformation involves the use of
electromagnetic (EM) radiation. If the electromagme/aves are time varying, then there
will be interaction between the magnetic fields #melelectric fields, and they are related to
each other by Maxwell’s equations.

Gxg=-98 (Faraday’s law) (1.1)
t
OxH :@J,j (Ampere’s law) (1.2)
t
OD=p (Gauss's law) (1.3)
Om=0 (1.4)

whereD represents the electric displacemetthe electric field strength] the free
electric current densityB the magnetic flux densityi the magnetic field strength, and

the free electric-charge density. All variables farections of position and time.

Radiating

Mear field = Reactive + Radiating

Figure 1-1: Near field and far field regions

When a transmitting source (usually called an ardgis generating EM waves,
according to the EM-field characteristics, the gpsgrrounding it can be divided into two
main regions, namely, far field and near fieldillastrated in Figure 1-1. In the far field,
electric and magnetic fields propagate outwardetremagnetic waves and are

perpendicular to each other and to the directigoropagation. The angular field distribution



does not depend on the distance from the transgigtburcer. The fields are uniquely

related to each other via free-space impedanceecaly as 1/

In the near field, the field components have ddfgrangular and radial dependence
(e.g., 1r%). The near-field region includes two sub-regiaastiating, where the angular field
distribution is dependent on the distance, i@adtive, where the energy is stored but not

radiated.

Figure 1-2: A spherical co-ordinate system aroustat current carrying wire [1]

Consider an example of a short wire in free spacgyinng an alternating currehtas
shown in Fig. 1-2 [1], where= | sin(ax). The wire length is assumed to be much smaller

than the wavelength Solving the Maxwell equations in spherical coioaties produces [3,
pp. 165-167)

2
E, :—\Fl Higos 1/]co{2nr—a,tj+l/13in(2nr—a1j (1.5)
e 1A 477 r? A 2mr A
H 2
E, :\/Zl D]Bkme{l/Lco{znr—a,t]+1Asin(2nr—a,tj+co{2nr—a,tﬂ (1.6)
E 24 |4t A 27T« A A
E,=H, =H,=0 (1.7)
H,= | mging{—1Asin(2ﬂr—axj+co{2ﬂr—axﬂ (1.8)
2rA 21y A A

At distances much smaller than a wavelendtfrom the current-carrying wire, the
highest-order terms id /r dominate and the equations reduce to quasi-stati@yuations
of two oscillatinge andH-fields. The fields near the wire are mainly nodiating and they

are the reactive near fields.

At distances well away from the wineis much larger thah, and the terms inl /r

can be neglected, giving



E, =E,=H, =H, =0 (1.9)

E, :\/g | mzlimgco{Zﬂ;—axj (1.10)
H, = | D]E'“”eco{znr—m:j (1.11)
2rA A

This approximation describes tBeandH-fields that propagate away from the wire
and is therefore referred to as the far field rgoina Note that the magnetic and electric

components are mutually perpendicular.

Table 1-1:  Frequency Bands Designation and Theudléagth

Designation Frequency Wavelength
Very low frequency (VLF) 3 —-30 kHz 100 — 10 km
Low frequency (LF) 30 — 300 kHz 10 -1 km
Medium frequency (MF) 0.3-3 MHz 1-0.1 km
High frequency (HF) 3 —-30 MHz 100 -10m
Very high frequency (VHF) 30 — 300 MHz 10—-1m
Ultra high frequency (UHF) 0.3-3 GHz 1-01m
Super high frequency (SHF) 3-30GHz 100 — 10 mm
Extremely high frequency 30— 300 GHz 10—-1mm

For antennas whose sizes are comparable to thdemgtte, the approximate
boundary between the far-field and the near-fielglan is commonly given as= 2*D?2,
whereD is the maximum antenna dimension ans the wavelength. For electrically small
antennas, the radiating near-field region is sanadl the boundary between the far-field and
the near-field regions is commonly givenrasA/2z. Table 1-1 shows the wavelength of
different frequency bands. For biomedical implamits coupling frequency under 30 MHz,

it can be assumed that the EM fields are underfreddroperations.

When there is a receiver located in the near fiélthe transmitter antenna, the
coupling between the two items affects both impedarof the transmitter and the receiver
as well as the field distribution around them. Eleiivalent antenna performance parameters
(i.e., gain and impedance) can no longer be sgedifidependently of each other and

become position and orientation-dependent. Thefreddrof a transmitter antenna can have



several tangential and radial electric and magriiefid components which can all contribute
to coupling. Two fundamental cases are magnetitutive) coupling and electric

(capacitive) coupling.

1.3 Inductive Coupling and Capacitive Coupling

The coupling mechanism in near-field transmissiam loe either magnetic (inductive)
or electric (capacitive). Depending on the envirenmthe field distribution can be affected
by the presence of various objects. Inductivelypbed systems where most reactive energy
is stored in the magnetic field, are mostly affddtg objects with high magnetic
permeability. For power transfer through the skiyel, the magnetic permeability of
biological tissue is practically equal to the magnpermeability of airy,. There is no

significant difference in the magnetic flux distition when the medium is changed.

The capacitance of a device with two metallic daikareaA, with separatiomnl, and

the gap filled with material of relative permittiyic, is given by
sz[fr[A (1.12)

For capacitively coupling systems where most ofr@etive energy is stored in
electric field, they are affected by objects ofthdjelectric permittivity. Since the body has
much higher permittivity (e.g., thefor skin is 120 at 13.56 MHz, and it is 47 at 488z
[4]), relatively speaking, inductive coupling is aflumore efficient for transcutaneous power
transfer. However, in some previous research wakexperiments were carried out to

study capacitive coupling for power transfer anthdalemetry with positive results.

1.4 Literature Review

In this section, only transcutaneous energy trassion systems (TETS) for artificial
hearts or TETS with high power rating (over 10 W8 eonsidered. Other transcutaneous
powering systems/methods that are targeted fopower biomedical devices will not be

discussed in this thesis.

1.4.1 TET System Development

The development of the TET system was started@ySkhuder’s group in the 1960s
[6-11]. In July 1960, some months after the anneurent that dogs can be kept alive for 3

and 5 hours with implanted hearts, a team was fora¢he University of Missouri-



Columbia to study the ways to transport energy théobody without piercing the skin. They
had developed the theoretical background for aorxdguency system involving inductive
coupling between a thin. The device included a bpzalcake-shaped coil on the surface of
the chest and another coil subcutaneously wittarctiest. The theoretical transfer efficiency
is about 95%. Transformer coils of different sinese built, and they were tested at
different separation distances [6]. This was ththlof the transcutaneous energy
transformer (TET). Results of the experiments shbthat a larger transformer coupling
coefficient,k, was obtained when a larger coil set was usedtrendoupling coefficient
decreased rapidly with the separation distancéhésame time, experimental evaluations
were done in dogs at 50 and 69 W levels. An acceowas used to drive the external coill,
the internal coil was coupled with a resonant capaand the working frequency is 400 kHz.
There is no exact figure of power efficiency, buten the secondary output was driving a

mechanical rotary pump, the overall efficiency frtma battery to shaft was 16.2%.

Extensive works were done by the group continuooslyranscutaneous energy
transfer. They had studied the use of ferrite toiacrease the transformer coupling effect.
The efficiency of electromagnetic energy transpettveen an external coil and an
implanted coil within the body can be appreciablgréased by the utilization of a suitable
ferrite core [7]. This fact can be viewed as thaéase of flux concentration by the ferrite
core that increases the coupling coefficient betwtbe TET coils. Other experiments were
done to study the effect of long-term exposurdntdlectromagnetic field for living dogs
and mice. The results suggested that it may bdkgede transport large amounts of
electromagnetic energy into the body without loegrt adverse effects on the organism [9].
The group also did experiments on the transmissfidnkilowatt of power to a living dog
[10]. During one hour of experiment, the tempemiofrthe internal coil rose from 98°F to
103 °F. The temperature rise was equivalent toneptoss of 5.2 W, which was closed to

theoretical prediction.

The experiments done by Schuder’s group were wsingh frequency ac power
amplifier to drive the TET primary. A more praciicacuit was suggested in [12] that can be
operated from a battery supply. This device waghHlg a transistor square wave generation
circuit, together with a full bridge for drivingettransformer primary. More transcutaneous

power transformers were built subsequently [14, 16]

Although there were more research interests fotrdrescutaneous energy transfer for
artificial hearts, there were no practical systémsse. According to a report in 1975 [18],
almost all artificial heart projects at that timene using nuclear engine [13, 17] as the
power source. Only the Jarvik electro-hydraulicrhegstem developed by the University of

Utah attempted to use the inductive coupling tempins.



More practical results were obtained by Shermagast[20]. A TET system was built
and in vivo evaluations were done in 9 Pitmann Mauoiniature pigs. The system
transmitted approximately 25 W through the animbaémw switched on. The on and off times
were adjusted such that approximately 12 W mearepaas transmitted. After 149 days of
live testing, the surrounding tissues around th€& $¥stem were found normal. The results
strongly indicate that animal tissues are wellratlied of the implanted coils for toxicity, heat,

impaired perfusion or exposure to high frequenegteic and magnetic fields.

Other successful experiments were done at the Pleansa State University [23, 26,
47] and at the Oita University [24]. In [47], thegk efficiency of their TET system had been

increased to 87%.

Starting from 1990, TET systems with adaptive fiagy tuning started to appear.
Ghalary and Cho [34, 63] modelled the transcutasn@ouverter as a series resonant
converter. In this converter, large leakage indum¢a of the transformer were incorporated
into the resonant inductor. Analysis of the fulielge, zero-voltage-switched series resonant
converter was presented, and a design procedurgives The design can accommodate
output loading variation as well as variation ingap separation. The theoretical analysis
was verified by an experimental converter whichsfarred 12-48 W through an air gap of
1-2 cm. In addition, the small-signal behaviouths converter was predicted and compared
with experimental measurements. Finally, a contrmp was designed that ensured stability
and optimum regulator performance. However, inrdsearch, the feedback control circuitry

was hard-wired.

While Ghalary’s control circuitry used resonantuit only at the secondary side of
the transformer, Cho and his students proposedibleltuned duty cycle control circuit for
transcutaneous energy transmission [64]. A con$tagtiency duty cycle control method
was proposed. In this method, the ON-time of thich®s in the primary bridge was
controlled to generate a quasi-square wave andgéeating frequency was fixed near the
resonant frequency in order to maximize the efbécesonance. The output voltage was

controlled by the duty cycle of the primary switshe

The control circuit was further improved in [65]tlvicompensation of the leakage
inductances on both sides of the transcutaneonsfaraner. By minimizing the circulating
current of the magnetizing inductance, enforcingaeltage switching (ZVS) of the
primary switches, and zero-current switching (ZG6B&he secondary rectifier diodes, the
efficiency can be significantly improved, espegiat the secondary side. The power
efficiency ranged from 65% to 80%, wikh;, the best an#,.x the worst. Only frequency

control was used, and there was no PWM control.



At the same time, Zierhofer [31] proposed to ustaas E tuned power oscillator for
transcutaneous power and data transmission. Thends to combine class E amplifier with
a tuned inductive link. In addition, the class Epdifier was self oscillating. Oscillation
frequency was not fixed, but influenced by the ratiposition of the coils. This self
oscillating final stage has two basic advantages ewdriven RF amplifier. First, no
oscillator is necessary for generating an RF veltdgus avoiding additional power losses.
Second, oscillation frequency offset due to coupliariations significantly improves power
transmission performance since the resulting @dimh frequency tracks the absolute
transmission efficiency maximum. The system watetewith coil distance up to 8 mm, and

the overall efficiency varied between 60% and 70%.

The class E circuit was first invented by N.O. Sakad A.D. Sokal [28] in 1975. It is
a very good power driving circuit for loosely coeg@ltransformers, especially at high
frequency. Only single transistor is needed indiigng circuit and the switching loss is
minimal. The class E circuit was further studiedoliyer researchers [29-30]. It is the basic
driving circuit for RFID devices and most of thevipower (below 1 W) implanted devices
use class E driver for power transmission. Howeawesyder to achieve the lossless
switching conditions, operating frequency has tedetrolled to a limited range. When the

coupling coefficienk is changing, it is difficult to adjust the frequsrcorrectly.

Troyk [37] described another class-E control metwit “high-Q approximation”
which simplified the design procedures. A closegplaontroller was designed to
compensate for transmitter and receiver variatiand,a method of data modulation using
synchronous frequency shifting was described. Qilaess-E driver designs were reported in
[40, 54]. Another novel converter [42] was develbpeJapan, which was based on a tuned-

circuit oscillator operating at class C condition.

Mussivand’s group [41, 44] at the University of @ta had developed another TET
system with auto-tuned function. The same systemalsn in used at the University of Utah.
The design was very popular, and many artifici@irheesearches have also adapted this
functional design. Details of the design can bentbin [41]. A resonant capacit@y, was
placed in parallel with the transformer primary ambther capacitdC; was placed serially
with the transformer secondary. The secondary seegdnequency was approximately one
half the resonant frequency of the primary coilisTHesulted in a dual resonant design.
Because the coils were tuned to distinctly difféfeequencies, there was no need to
precisely control the resonant frequencies to ensfiective power transfer. The current
flowing in the primary coil had two components, atiibutable to the resonant current of
the primary coil and the other attributable to tbected load current from the secondary

coil. The condition of secondary resonance candbectied by comparing the phase



relationship between the voltage and current irptimaary coil. The system was able to
deliver maximum output power of approximately 6(a¥\a coil separation of 5 mm, falling
to approximately 45 W at a coil separation of 15.imire system can deliver a maximum
efficiency of 75-80%, reducing to approximately 6a¥#60 W. The operating frequency
ranged from 510 kHz to 420 kHz. In a later destbe,switching frequency was increased to
1 MHz.

Phillips [45] proposed another high capacity tramgceous energy transmission
system, where the DC/DC converter was a boost cterweith a constant frequency control
circuit. This circuit provided a constant DC vokagf 20-40V to the following stage. The
DC/RF converter was a half-bridge circuit with tNechannel power MOSFETSs operating
at a frequency of 1.0 MHz. The primary circuit wased to an operating frequency above

the resonance frequency. A maximum efficiency df#v¥as measured with a resistive load.

Matsukiet al.[48, 49] from Tohoku University (Japan) developed circuits for
secondary side rectification: (i) a push-pull tydesynchronous rectifier; (ii) a voltage
doubler type of synchronous rectifier. The temparatise of the rectifying circuits can be
reduced to 30-50% of that of the conventional S&lgatiode bridge circuit. In [58, 60], the
synchronous rectifier system was further improved$ing digital PLL technique to provide
appropriate turnoff timing and prevents the systiemm shoot through conditions. As a
result, the resonant capacit@iand the smoothing inductbrwere eliminated from the

secondary side circuit.

Okamotoet al.[61] introduced a new structure in the energy paits. A small size
energy-receiving coil was used which had an outndter of 53 mm. There was a ferrite
core of 38 mm diameter. The air-core energy trassimm coil had an outer diameter of 92
mm and an internal diameter of 70 mm. In powerdi@noperation, the receiving coil
together with the skin layer will be completelytéd into the center region of the energy

transmission coil, producing a self-aligned mectagonstruction for best coupling.

In recent years, the controller design of the T#Jtem has become more complicated,
and some of them have employed FPGA or ASIC totoactsthe hardware systems [69, 73,
76, 79].

Siet al.[68] presented a method to regulate the powesteammver a wireless link by
adjusting the resonant operating frequency of tiragry converter. A switched-capacitor
method of varying the effective resonant capac#éasfache primary power converter was
proposed and developed. The relationship betweeoutput power delivered and the
primary operating frequency was derived, and a@bastrol method was used to change

the operating frequency of the push-pull resonanterter while satisfying the soft
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switching conditions fully. The idea of using svhigxl capacitors to control the switching
frequency is novel, but the overall design is rif#ative because it assumes that the
coupling coefficienk is fixed and it requires a reference voltage ihalerived from the

output voltage.

In [69], Li et al. presented a new FPGA controlled high frequencyexdar for
contactless power transfer. The converter is basddll bridge discontinuous energy
injection and free oscillation of a series tunesbreant circuit. By taking the advantage of
the fast response rate of FPGA circuit, a vari&g@iguency controller was developed to
achieve accurate ZCS operation of the switches pfineary side current waveform is
monitored and the zero current crossing positiortiine) was detected for switching
frequency control. For output power control, thalpkevel of the primary current is
compared with a reference level, and the systeswiiched between the energy injection

mode and free oscillation mode according to thaelre$ comparison.

The design by Dissanayakeal.[70-71] was based on the design proposed in [68]
(all are from University of Auckland), but the sadary side output voltage was obtained
from 2.4 GHz RF communication channel (nRF24E1 Mordnsceivers) and experiments
were done with real animal, the sheep. The maxirsurface temperature of the secondary
coil was increased by a mean value of 3.4+0.4°Ctlamdnean temperature rise for 20 mm
gap separation was 0.8+0.1°C. The efficiency oktrstem exceeded 80% across a wide

range of coil orientations.

Thrimawithana and Madawala [77] presented a nemgny side control technique for
IPT (inductive power transfer). In order to regalttie load voltage, the track current was
controlled by accurately estimating the mutual dimgpand output voltage through the
variation of reflected primary voltage. The propbsecuit is basically a double-tuned
parallel-parallel resonant circuit with an additabh; inductor at the primary. With some
mathematical manipulations it was shown that tleesgary side voltage can be determined
by the real part of/c; whereC, is the primary side resonant capacitor. Experialetdta
were obtained to calculate the Rgj output power values and the results matched with

theoretical estimated values. However, no reaksystas built using the new design idea.

Another contactless energy transfer system usirigARas developed by
Moradewicz and Kazmierkowski [76]. The system piceti3 kW high powers and the
designed resonant frequency was 60 kHz. There mashation in magnetic coupling and
the resonant frequency may change. The circuisiri@s-series double-tuned resonant
converter and the IGBT switching devices are opggatnder ZCS conditions. The FPGA

control circuitry is simple. For aN-period cycle time sequence, the peak value ofgmm
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current within this period is compared with theyioeisly saved value. If the new peak
primary current is larger than the previously savalde, then the switching frequency is
adjusted in the same direction as the last frequadstment. On the other hand, if the
peak primary current is smaller, then the frequeanjystment will be in the reverse
direction. There is also hardware circuitry thadumes ZCS conditions for the IGBT devices.
The design is effective but there is limitationtba output loading range. For light load
condition whereR_ is large, thes, voltage gain will not have a peak within the opieg
regions of the frequency range. Under this condljtibere will be no current peak for the

proper operation of the FPGA circuitry.

A TET power regulator was proposed by Cle¢al.[72], which is also a double-tuned
resonant converter in series-series topology. Bafikching frequency and duty ratio control
were used in the regulation of the secondary owpltdge. The switching frequency was
adjusted by PLL technique to ensure ZVS conditmirthe MOSFET drivers. The resulting
switching frequency was above the resonant frequbuatclose to the resonant point for
best power efficiency. Output voltage regulatiorswmandled by a UCC3895 phase-shift
full-bridge PWM controller. It is assumed that ecaitry for Vo voltage feedback remotely

from the secondary side was used.

1.4.2 Secondary Voltage Feedback and Data Telemetry

At the beginning, research in TET systems was fedus the power link setup and
the efficiency improvement, and there were no pmiovis for voltage feedback or data
telemetry. But since the human body is a complatatielogical system, it is necessary to
monitor or record the internal status when thdieidl heart is in operation, so data
telemetry has become an important issue. Thermany ways of information transmission

from within the human body to the outside world:

® Opto/light coupling27, 30, 39, 44, 80-87]: In the early designs,tpkepuplers were
used to transmit information from the secondare $tdthe primary side. For analog
signal transmission, frequency modulation through &bnverter and demodulation by
F/V converter will be used to improve S/N ratior Bagital data transmission, serial
data in RS232 format will be transmitted with lighton’/'off’ state as data bit. For
newer systems, the light source will come from bighower LED diodes or laser
diodes. These devices can generate high inteigitiydource and high data
transmission rate can be achieved. Optical telgnetittractive because it is not

influenced by electromagnetic interference (EMRI &mas sufficient transmitting ability.
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However, this ability decreases rapidly with skiitkness and with relative dislocations
between the luminous element and the receivingetenAnother problem with optical

coupling is the alignment between the light sownce the receiver.

Magnetic coupling associated with the power trarssioin coilg33, 49, 88-91]:
Another set of signal coils will be attached to phenary and secondary sides of the
transcutaneous transformer. Since the magnetichaettveen created by the
transcutaneous transformer, there is no alignmeitigm. In order to reduce the
switching noise from the power transformer, differeiring topology will be used for
the signal coils. Also, the frequency band for dadgal transmission is much higher
than the switching frequency band such that théchwig noises can be filtered out in

an easier way.

RF radio link[92-99]: With the popular use of RFID technologynd availability of

chip set solutions) and the low-power consumptiom{V), the use of RF link for
implanted devices data telemetry is becoming moderaore popular. Table | (from
[97]) summarizes the monitoring and control systemfigurations of some well known
artificial heart systems (in year 2005). Out of $ewen systems, three of them do not
have telemetry functions. One system uses infrimedata communication, and the
remaining three systems use RF link. It can be 8wdrRF data link is a favourable
choice. An added advantage of using RF data litkasno physical (surface-of-the-
skin) contact between the patient and the contrigdleequired. A communication
distance around 2 m or less is sufficient for gdath reception. More information on

RF frequency usage is given in the paragraphs below

Load-Shift Keying (LSKL00-103]: The load-shift keying is based on gpenty of
inductive coupler (i.e., the transcutaneous transo), in which a change in the
secondary load is reflected onto the primary asiapce change. Usually digital data
are transmitted as ‘0’/’1’ data patterns with tba’/’off’ control of a switch at the
secondary side. The data carrier is the same asibehing frequency and the data bit
rate will be set to a fraction of the switchingguency. This technique is commonly in
use with class E power converter circuits. Dataa@y be transmitted from the

secondary side to the primary side. Thus, it isgusack telemetry implementation.

Intra-body communicatiofiL04-111]: Using the human body as the transmissio
medium enables wireless communication without trattesng radio waves through the
air. The idea of intra-body communication was fpstiposed by Zimmerman [104],
who adopted electrostatic coupling of low frequesignals. However, the method is

susceptible to the conditions of the surroundingrenment such as the earth ground
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for the return path. There is another type of Hody communication. The human body
is being treated as a waveguide, with high-frequextectromagnetic waves generated
at a terminal propagating through the body, andived by another terminal. For ease

of attachment, usually the communication receisaninnected to the patient’s wrist.

Although data telemetry becomes an important igsuartificial heart systems, very
few systems include the feedback of real-time dw¥pitage in their designs. This is because
there are backup batteries at the secondary sitthe @ystem that serve as energy buffer
when input power is low. Also, the coupled voltagdivered to the secondary will seldom
be used directly by the implanted hardware circuaitgl there will be another level of
voltage down conversion. However, a regulated sggognoutput voltage can ensure that the
internal circuits are all operating at their bessign conditions so that the power efficiency

can be optimized and the heat loss generated ammined.

For information being transmitted through the dixtlg two infrared (IR)
transmitter/receiver modules were used to setsipaltaneous bidirectional
communications link with data rate up to a baud t9,600 bps [80]. The following
operating parameters were transmitted from theamtpd device: operating mode, beat rate,
systolic fraction, internal transcutaneous energgdfer (TET) voltage during systole and
diastole, the status of the cyclic redundancy cimggland assorted warnings. In addition,
data from a blood chamber diaphragm position sesisalso transmitted. This data

received at the primary side will be displayed agaseform on the LCD.

In [89], signals were transmitted using figure-afke coils, and five-channel signal
transmission in frequency-division multiplex (FDXas performed. Three waveforms were
transmitted that simulated the pomp flow rate, Olpeessure, and ECG generated from a

human body.

Additional information that can be transmitted hg implanted device is given in
Table 1-2.
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Table 1-2:  Throughput Requirement for Medical Seg$devices [99]

Sensor Type Throughput (kbps)
SpCd 0.01-0.1
Glucose 0.01-0.1
Blood pressure 0.01-10
ECG 10 - 100 (12-bit, 300 Hz, x20)
EEG 10 - 200 (6 kbps, x32)
EMG 10 - 1500 (16-bit, 8 kHz, x12)

Furthermore, in the RF data link, there are regaiaton the use of frequency band
for radio communication. Frequency bands that egally be used by a medical telemetry
device are limited to the Medical Implants Commatimn Service (MICS) band (402 — 405
MHz) and the Industrial, Scientific and Medical dar{ISM): 902 — 928 MHz, 2.4 — 2.4835
GHz, and 5.725 — 5.825 GHz. The ISM bands are apéme public while the MICS band is

for medical devices.

Wireless medical devices and networks operatevieraéfrequency bands under
various national and international rules. The IEHBR.15 Task Group 6 (body area networks,
BAN) has developed a communication standard forgower devices and operation on, in
or around the human body (but not limited to humamserve a variety of applications

including medical, consumer electronics / persené¢rtainment and others.

1.4.3 Secondary Side Battery

There are two types of implantable batteries: prinattery and secondary battery.
Primary batteries can only be discharged once laeygdannot be recharged. They are
mainly used to provide energy for implanted devieéh low power consumption.
Secondary batteries are designed for repeatedingaagd discharging, but in practice there
is an upper limit on the number of charge/dischasgdes. There is a slow deterioration of
battery capacity after each charge/discharge cgolethe capacity of a typical battery will
drop to 80% of its initial specified capacity affe€300 to 2000 cycles.
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An implantable secondary battery is one of thed@myponents in an artificial heart
system because of safety reasons. It must be doiwam internal secondary battery system
in the case of interruption of energy transmis$iom outside the body. Due to the high
power consumption of the artificial heart systeine, internal battery can only provide power
backup for duration between 15 minutes to one hiche. performance of secondary batteries
had been improved dramatically since 1960s beacaiuse development of new materials
for electrodes, as well as the research and developof new battery technology. Three
kinds of rechargeable batteries are commonly useseondary battery: Ni-Cd secondary
battery, Ni-MH secondary battery, and Li-ion battgr12-117].

Nickel-cadmium (Ni-Cd) was first selected as impédote secondary battery for
artificial hearts. Later, nickel-metal hydride (MiH) battery and lithium-ion secondary
battery (Li-ion) were available as candidates &estion, as both types of batteries can store

more energy than a Ni-Cd secondary battery.

The Ni-Cd secondary battery had been widely usedany electric devices for
several decades. Stable operation and reliabiltyadvantages of the Ni-Cd secondary
battery, but its high surface temperature, whigthes a temperature of higher than 55°C
during a 1 C rapid charge, is a serious drawbddkelNi-Cd secondary battery were to be
used for an implantable battery system, it wouldehta be charged with a low charge

current to prevent temperature rise.

Ni-MH secondary batteries are now widely in use®iAMH battery has higher
energy-volume density as that of a Ni-Cd battemg the discharge characteristics of the Ni-
MH secondary battery remain constant until the @frdischarge. These characteristics are
advantageous for interfacing with an actuator androller of an artificial heart. On the
other hand, the high battery surface temperat&®Jyof the battery in the charge phase and
its relatively short cycle life are disadvantagasusing the battery in implantable devices in
the body. The cycle life of the Ni-MH secondarytbat (800 cycles) is not sufficient to

supply energy to the artificial heart once or twaceay for a period of more than 2 years.

Li-ion secondary batteries are currently the bastgy storage devices for portable
computer electronics because of their high eneeggidy. They have been commercially
available since the 1990s and have been used idearange of products such as notebook
computers, cellular phones, and digital video casiefhe Li-ion battery is 1.5 times higher
in volume and 1.5 to 2 times higher in weight thiaat of Ni-Cd secondary battery, whereas
the voltage of a Li-ion battery (approximately ¥)6is approximately 3 times higher than
that of a Ni-Cd secondary battery (1.2 V).
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There were no detailed information on the chargmeghanism for artificial heart
systems, but most likely the charging control in@lat the secondary because the terminal
voltage of the rechargeable battery can only beestat the secondary side. Also, if a
battery cell is overcharged, gases will be gendrakais raising the internal pressure and
temperature and eventually damaging the cell.1118]119], a fast charging circuit for Ni-
Cd battery used in implant electronic systems vessiabed. The fast charging control can
shorten the charging time from 14-20 hours to 20ut@s. In [123], a highly integrated low
power wireless interface with battery charging dimitLi-ion cells was developed in

standard CMOS process and an integrated circosd€formed.

A DSP controller was used for intelligent Li-ionttesly management [120]. The
internal battery pack was composed of 7 Li-ionscefl 3.6 V/900 mAhr per cell. The
terminal voltage of each cell was sensed by the Wi8#P8-bit resolution, and

charge/discharge control was implemented as DS&lsftware algorithms.

Detailed implementation of a TET system with regeable internal back-up battery
for a total artificial heart was described in [123¢ven lithium-ion rechargeable batteries
(3.6 V, 800 mAh per unit cell) were connected ineseto obtain an actuator driving voltage
of 24 V. The Li-ion batteries were charged withoagtant current of 400 mA (0.5C) at a
constant voltage of 28.7V to maintain safety. Thipot of the transformer secondary after
rectification is 24 V, and the voltage was raise@8.7 V by a built-in step-up circuit. The
batteries were considered to be fully charged vthercharging current is reduced to < 100
mA. During the discharge period, the batteries vessimed to be completely discharged
when the sum total of all the terminal voltagespdrto < 20 V. The time required for the

batteries to be fully charged was from 115 min1@ in.

Heat generation from an implanted device is acaliissue, and the surface
temperature must remain below 42°C to prevent bgraf the surrounding tissues. Lithium
ion batteries for an implantable LVAD generate lieaing the discharge phase, and the

surface temperature of the batteries depends amalgeitude of the discharge current.

The temperature of a Li-ion rechargeable battedetermined by ohmic loss due to
internal resistance, chemical loss in chemicaltr@acand release of heat to the surrounding
environment. For a complete system, the surfacpeemture of the battery box must be
monitored and the level of charging current hasetdimited to prevent excessive heat

generation.
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1.4.4 Health Issue: Tissue Heating & EM Fields Radiation

Implanted devices inside the human body will geteanaaste heat, and if the heat
energy cannot be properly removed, the rising teatpee will damage the surrounding
body tissues. For the removal of heat inside adivoody, a study on body temperature
elevation by implanted heating devices was perfdrmg124] with 11 calves. The results
showed that the body tissues could adapt to thnigesource, leading to an increase of heat
dissipation rate over time through angiogenesss, (ihe growth of new blood vessels from
pre-existing vessels). Another study [125] showed blood perfusion was more efficient

than ventilation for heat dissipation.

Waste heat can also be generated from the electtonuitry and from the operating
blood driving pump. Another source of heat generais the charging of the implanted
batteries. In [126, 127], thermal characteristickiaon rechargeable batteries during

different phases of the charging process were estudi

Tissue temperature can also be increased throueitt dibsorption of electromagnetic
energy. Acommon measure of absorption issghexific absorption rat€SAR). The SAR is
expressed in units of energy per unit time per mnaiss, or W/kg. It is formally defined as

SAR= d(dW) _ d(de (1.13)
dtldm)” dtl mv

This description provides a qualitative understagdif SAR, but does not facilitate
measurement or calculation. It is more helpful tdexthe above expressions in terms of
either temperature rise, or the material parametedsnduced electric field

2
SAR= (O'ch _dE (1.14)
dt P

wherec is the specific heat of the tissuds the electrical conductivity, andis the density.

The International Council on Non-lonizing Radiatirotection (ICNIRP) [128]
provides a two-tier set of RF limits. Figures 1 @xshow the reference levels for exposure
to time-varying electric fields and magnetic figldsspectively. The ICNIRP standard is
used in most European countries and is gaininga@oee in many countries outside North
America, including Hong Kong. The exposure limitsm the ICNIRP guidelines for electric
fields and magnetic fields are whole-body and taweraged. The higher tier is referred to as
“Occupational” while the more restrictive tier eferred to as “General Population”. The
limits for the electric and magnetic fields areysimilar to the limits in the 1997 FCC
Regulations [129]. Table 1-3 shows the SAR limésksy ICNIRP. For the frequency range
from 100 kHz — 10 MHz, the localized SAR limit i6 W/kg for occupational exposure and
it is 2 W/kg for the general public.
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Some research works [131-132] had been done ocuthent density and specific
absorption rate (SAR) analysis of biological tissuerounding an air-core transcutaneous
transformer for an artificial heart. The resultewhd that powering an artificial heart system
inductively will generate EM fields below the ICNPR basic restrictions when the
frequency is over 250 kHz and the output voltagender 24 V. Also, measurement results
indicated that different types of biological tissukat maximized the current density are
different in terms of the range of frequenciesthia low frequency range, it is the muscle
and in the high frequency it is the skin. The barmgds in the vicinity of the frequency 600-
1000 kHz [131].

Table 1-3:  SAR Limits according to ICNIRP

Table 4. Basic restrictions for time varying electric and magnetic fields for frequencies up to 10 GHz."

Current density for Whole-body Localized SAR
Exposure head and trunk average SAR (head and trunk) Localized SAR
characteristics Frequency range (mA m™ %) (rms) (W kg'"l) (W kg"l) (lmbs) (W kg~ Iy
Occupational up fo 1 Hz 40 == — =
exposure 1-4 Hz 40/f — — —
4 Hz-1 kHz 10 - = =
1-100 kHz fi100 — — —
100 kHz—-10 MHz fi100 04 10 20
10 MHz-10 GHz = 04 10 20
General public up to 1 Hz 8 = — =4
exposure 1-4 Hz 8if — — —
4 Hz-1 kHz 2 = — =
1-100 kHz f1500 — — —
100 kHz-10 MHz f1500 0.08 2 4
10 MHz-10 GHz = 0.08 2 4
* Note
1. fis the frequency in hertz.
2

. Because of electrical mhomogeneity of the body, current densities should be averaged over a cross-section of 1 cm” perpendicular
to the current direction

. For frequencies up to 100 kHz. peak current density values can be obtained by multiplymg the rms value by /2 (~—1.414). For pulses
of duration £, the equivalent frequency to apply in the basic restrictions should be calculated as f = 1/(2r).

. For frequencies up to 100 kHz and for pulsed magnetic fields, the maximum current density associated with the pulses can be
calculated from the rise/fall times and the maximum rate of change of magnetic flux density. The induced current density can then
be compared with the appropnate basic restriction.

. All SAR values are to be averaged over any 6-min period.

. Localized SAR averaging mass is any 10 g of contiguous tissue; the maximum SAR so obtamned should be the value used for the
estimation of exposure.

. For pulses of duration 7, the equivalent frequency to apply in the basic restrictions should be calculated as f = 1/(2r). Additionally,
for pulsed exposures in the frequency range 0.3 to 10 GHz and for localized exposure of the head, in order to limit or avoid auditory
effects caused by thermoelastic expansion. an additional basic restriction i1s recommended. This 1s that the SA should not exceed
10 mJ kg~ ! for workers and 2mJ kg " for the general public, averaged over 10 g tissue.
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For the temperature rises due to implantable medeaces, it is governed by ISO-
14708-1 [149], a standard from the Internationaadization for Standardization (ISO).
Section 17 (“Protection from harm to the patienisel by heat”) of the document stated that
“No outer surface of an implantable part of thevecimplantable medical device shall be
greater than 2 °C above the normal surrounding beayperature 087 °C when implanted,
and when the active implantable medical devica isormal operation or in any single-fault

condition”.
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1.5 Objectives of the Thesis

The main objective of this thesis is to design agrosupply for artificial hearts with

the following features:

® Power requirement: range from 12 W to 60 W (thian extended power range that

covers the power range of 15 W — 35 W for a norantificial heart system)

® Transformer gap separation: range from 10 mm tm@0(gap width can be changed

during normal operation, control system will adegpthe new environment at real time)
® Power efficiency: as high as possible (over 90%l®W to 35 W output power)

® Secondary side output voltage is regulated at Zhg.regulation of output voltage is
done by the creation of a data channel using timegpy current as carrier. This is a new

idea and was proofed as a working solution by maeediware.

There is no rechargeable backup battery in ousti@aneous power regulator design.

The backup battery may be added as an extenstbie turrent research project.

1.6 Overview of the Thesis

Chapter 1 provides a comprehensive literature vewvie the development of

transcutaneous power regulators for artificial teear

Chapter 2 describes the ac modelling of the treasewwus power converter circuit,
and the construction of the SPICE macromodel fsirdanulation. The idea of using the
same power transformer for secondary voltage treassom is introduced, and the selection

of frequency band is described.

In Chapter 3, detailed procedures for designing®based control system for a
transcutaneous power regulator are given. Thesed@components selection, system

function descriptions and derivation of design folan

In Chapter 4, experimental results of the hardwilaisign are presented. Measured

values of power efficiency are given, together vaittietailed loss analysis.

Finally, Chapter 5 concludes the thesis. The majok and contributions are

reiterated. Some suggestions for future researchiaen.
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Chapter 2 System Modelling

The driving circuit for the transcutaneous powutator is introduced in this chapter,
and the control algorithms for regulating the otiymltage and tracking the switching
frequency are discussed. Also, the converter tearfighction is obtained using a SPICE

macromodel, and a control compensation for achgestable system response is derived.

2.1 Transcutaneous Transformer

L L
7 1:n 2

Figure 2-1: Transcutaneous Transformer

In an artificial heart system, the running powenlisained wirelessly through a pair of
transcutaneous transformer coils. A transcutangaansformer is a transformer that works
through the skin. There is a skin layer as gapradéipa between the primary coil and the
secondary coil, magnetic flux from the primary st@d@not be fully coupled into the
secondary side. Electrically, the situation is niledieas leakage inductances in series with
an ideal transformer. Figure 2-1 shows the cingwtlel for the transcutaneous transformer.

For the transformer with a turns ratioropf

L, =L, +L, (2.1)
L =L,+nL, (2.2)
k=nL, /{/LoLs (2.3)

whereLp is the primary side inductands;s is the secondary side inductance, bpds the
mutual inductancd.; is the primary side leakage inductariceis the secondary side
leakage inductance, akds the coupling coefficient. The coupling coeféintk can be
regarded as the fractional magnetic flux generhayeithe transformer primary coil that
coupled to the secondary coil. In the ideal cdseyvalue ok is equal to one. For most

practical cases, their coupling coefficients aoselto one. For biomedical devices with
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inductive power link, however, due to the smalksiz the coupling coils and the long

separation distance, the coupling coefficientsnaueh lower.

For our system, an air-core type transcutaneouasfoamer was built using AWG46
(x640) Litz wire. There are 30 turns on the primside and 29 turns on the secondary side,
and the outer diameters are 88 mm and 85 mm, ridgglgcThere is a variation of the value
of k from 0.32 (20 mm) to 0.51 (10 mm) when the ga@ssmn between the transformer
coils is changed. Table 2-1 shows the measurednetea values of the transformer at
different air gap separations. It can be seentkiatoupling coefficient decreases with air
gap separation, resulting in smaller mutual inductd,, and larger leakage inductandgs
andL,.

Table 2-1: Measured parameters for transcutaneansformer
Air gap Le («H) Ls («H) Ls (uH) Lo (uH) Lw (uH) k
10 mm 33.29 31.99 16.22 15.99 17.07 0.51
15 mm 33.18 31.90 20.36 20.07 12.82 0.38
20 mm 33.11 31.82 22.30 21.99 10.81 0.32

2.2 Topology of Compensation Networks

1 i i i i iL
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(SS)Series compensated (SP)Series compensated primary and
primary and secondary parallel compensated secondary
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CT L3| |¢Ls &T R C]T L
e, o} ;
(PP)Paralle]l compensated (PS)Parallel compensated primary and
primary and secondary series compensated secondary

(a) Basic topologies

Figure 2-2: Basic topologies for primary and se@ydompensation network [66]

The leakage inductances of the transcutaneouddrares can be compensated for by

using resonant capacitors placed in series orrallphto it. The compensation can be done
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at both primary and secondary sides, or just ontii@primary side or only at the secondary
side. From the analytical results given in [67§ Heries compensation on the primary side is
more effective in nullifying the leakage inductarban other single compensation
topologies. And the performance of compensating pamary and secondary sides is much

better than compensating only one side.

For resonant compensation at both primary and skeegrsides, as shown in Figure 2-
2, there are four basic topologies: series-se8&g,(series-parallel (SP), parallel-series (PS),
and parallel-parallel (PP). In the PP and PS tape&j the value of the resonant
capacitance is not constant but depends stronghgagnetic coupling and quality factors,
which makes frequency control more difficult. Howewne advantage of the parallel
resonant configuration is that one end of the rasboapacitor is connected to the negative
voltage point (or ground point) and it is possitdlevary the capacitance value for resonant
frequency adjustment. For the SS and SP topologigrimental results from Moradewicz
and Kazmierkowski [76] showed that the efficiené¢yhe system with SP topology is
lower than the SS circuit. The efficiency of thetSpology is strongly reduced when the

transformer air gap length increases.

For high power systems with large current flow 09 ), usually the PP topology is
selected for resonant compensation. This is beaasédes connected capacitor will have
large current flowing through it and the resonasitage is high, thus requiring an

expensive capacitor with inevitably short life time

In our transcutaneous power regulator system, $hology is used for leakage
inductance compensation. An added advantage &$h®pology in our system is that
when the air gap separation changes so that theatiagoupling coefficiert changes
accordingly, but the ratio between the leakagedtahced ; andL, will remain the same
asLg/Ls. So, the primary and secondary resonant frequemceein synchronization. When
frequency adjustment is made for resonant frequamang, both the primary side and the

secondary side networks will be tuned to the saserrant point.

Another advantage of series-connected primary cosgi®n is that th€p resonant
capacitor is acting as a dc blocking capacitortaedransformer can achieve flux balance

automatically.
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2.3 Phase-Shifted Full-Bridge Operations
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(b) Timing diagram

Figure 2-3: Phase-shifted full-bridge operations

The artificial heart power regulator in our desigmactually a phase-shifted (double-
tuned) series resonant converter with series cosgtiem capacitors at both primary and
secondary sides of the transcutaneous transfoifinemprimary side driving operation is
implemented in a phase-shifted full-bridge circhigure 2-3(a) shows the circuit connection
for the phase-shifted full-bridge. The primary aet¢ondary leakage inductances are
compensated by series capaci©ssandCs, respectively. The values of the resonant
capacitors in use afé = 10.99 nF an€s = 11.09 nF. By matching the corresponding
leakage inductance values farandL,, the resulting resonant frequen&y fanges from 321
kHz (20 mm) to 377 kHz (10 mm). At the secondadesa full-bridge rectifier converts the
ac sinusoidal output into a dc level, and the outipples are filtered out by an output
capacitorC,,.
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Each side of the full-bridge is switched on wit&@uty ratio, and the actual control
voltage is obtained from the A and B legs. Figw#® shows the operations of the phase-
shifted full-bridge circuit. Detailed operationsdifferent time phases are discussed as below:

® FromtOtotl
At the beginning of t0, Q4 has already turned omh\&3 of Q1 is zero. Q1 starts to turn
on with ZVS. The primary currems is flowing through Q1Cs, L, and Q4.

® Fromtltot2

At time t1, Q4 turns off. The stored energy in phenary resonant tank will start to
charge the&Cossof Q4 and discharge thi&ssof Q3. If the energy in the tank circuit is
large enough, voltage at point A will rise\f level. After that, the currem$ stops

flowing through the twd&Coss it turns on the anti-parallel diode attached 8&adip
keeps flowing.

® [Fromt2tot3
At t2, Q3 starts to turn o transfers the current from the anti-parallel diotl€3 to
the MOSFET Q3. Th& current will keep flowing through QT, Lp, and Q3.

® Fromt3totd

At t3, Q1 turns off. The stored energy in the priyn@sonant tank will start to charge
the Cossof Q1 and discharge thgyssof Q2. If the energy in the tank circuit is large
enough, voltage at point B will drop to GND lewstfter that, currentp stops flowing

through the twdCoss but forces its way through the anti-parallel di@dtached to Q2.
® Fromt4tots
Q1 has already turned on avigk of Q2 is zero. Q2 starts to turn on with ZVS. The
primary currentp is flowing through Q3l.p, Cr, and Q2.
® Fromt5tot6
At time t5, Q3 turns off. The stored energy in gingnary resonant tank will start to
charge the&Cossof Q3 and discharge thi&ssof Q4. If the energy in the tank circuit is

large enough, voltage at point A will drop to GNE¥é¢l. After that, the currem stops

flowing through the twdCoss but continues its way through the anti-paralletié
attached to Q4.

® Fromt6tot7

At t6, Q4 starts to turn o transfers the current from the anti-parallel diotl€4 to
the MOSFET Q4. Thi current will keep flowing through QZp, Lp, and Q4.
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® Fromt7tot0

At time t7, Q2 turns off. The stored energy in phenary resonant tank will start to
charge the&Cossof Q2 and discharge thi&gssof Q1. If the energy in the tank circuit is
large enough, voltage at point B will riseMg level. After that, the currems stops

flowing through the twdCsss but again goes through the anti-parallel diod® bf

In order to minimize the turn-on switching loss Wps of Q1, Q2, Q3, and Q4 must
be set to zero (or close to zero voltage) at tit@etl, t2, and t6, respectively. The condition
for this zero voltage switching (ZVS) to occurlist the voltage transition at point A or point
B should be completed during the dead time. Tattiegransition from t5 to t6 as an
example, Q3 is turned off and voltage at point B @liange frony to GND level. The
Cossof Q3 will be charged up from zero voltage to ¥hevoltage level. At the same time,
the Cossof Q4 will be discharged froiviy to zero voltage. The charging/discharging

operations are done by resonant primary cutrg@ind the total charge involved is

Q. =2[CqssViy (2.4)

Since the switching frequendyis close to the resonant frequency, it is assutmecthe

primary currentp is sinusoidal and
lp =1, sin(27ft +¢) (2.5)

The total charge from the currdatduring the dead time period is

t t . |
Q, :.[j| o|dt :ml o Sin(27£t + g)dt = 27;25 lcod@s) - cod@,) (26)

where ¢, and g, are the current phase angles at time t5 andspectively. And

¢ ~ s :27fs(t6_t5):2nfstm (27)
with tpr is the dead time period. For ZVS condition, th@ltoharge provided by the flow of

the primary current must be large enough to chafglee two MOSFET oss capacitances,

ie.,

Qp2Q (2.8)

Since the currert's magnitudes at times t1, t5 are larger than tlabsienes t3, t7, the

Vg transition time folCosscharging is shorter.
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2.4 AC Equivalent Circuit

The circuit of the transcutaneous power supply shiowrigure 2-3(a) is shown again
as Figure 2-4(a). Since the switching frequefgoy the system is close to the resonant
frequencyf,, the primary inductor current and the secondadydtor current are actually
sinusoidal in shape, and the system can be repeeskey an ac model. Figure 2-4(b) shows
the equivalent ac model, with the secondary sidriitinetwork transformed to the primary

side. To simplify the ac analysis, all electriciineents are treated as ideal parts.

VOUT
0 a c .C o[ D
4 J‘E ﬁ' 1en ﬁ W -
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.m(i) A = |_ - L %RL
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L]

(a) Circuit diagram

Cp L L/n? Gt 1e
e r—|| Moy,
20 L3 Re/n?2 iH

(b) Equivalent circuit

Figure 2-4: Transcutaneous power regulator

From the ac equivalent circuit, the input-to-outfransfer function is

G (C()) - Ja'LM //(ZS+ RE)/n2 x RE xn (29)
' ZP+jaLM //(ZS+RE)/n2 ZstRe
janll,, [Re

" Zo(jrL, + Zo + Ro) + jaly, (Zs + Re)
wherez, = j(a, -YaC,), Zs= j(al, ~YaCs), andR, =8R /7.

In the literature of resonant converters desiga stieady-state characteristics for dif-

ferent loading conditions are usually specifiediy loaded quality factd, i.e.,
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_afL+L,) (2.10)
N Re

Since in our power regulator system, the leakadadtances,; andL, vary with the
separation distance (i.e., the coupling coefficleistchanging), the sant@value may
represent different loading conditions. In ordeatoid confusion, the true output loading
resistances are used as the identification naméacharacteristic curves.
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Figure 2-5: Input-to-output voltage transfer ratio

Figure 2-5 shows the input-to-output voltage tran&inction for two different values
of the coupling coefficiert, corresponding to a gap separation of 10 mm anur0
between the transformer coils. The switching freqyas normalized with the resonant
frequencyf,. The graph can be divided into three regions. &egcovers the range of
frequency from the lowest frequency and up to teguiency with unity voltage gain. This
region is characterized by the monotonically insieg voltage transfer ratio. Region Il
covers the range from the resonant frequdéngp to the higher frequency range. The voltage
gain is unity at the resonant frequency and deessamnotonically with frequency. Region
Il is the middle frequency region, and the rangeeced by this region changes with the
coupling coefficienk. This region becomes narrower wHeis smaller. The voltage transfer
ratio in Region Il varies with the loading conditiovhich has a large value for light load
(largeR)) and has valley shape for heavy load (siRg)l Using the distance from the region
separation frequency for comparison, the gain igiétell is generally higher than those in
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Regions | and lll, and the higher gain value iniRedl is due to the summing effect of the

two peaks at the boundary between Region | anddetWRegion Il

For selection of the power converter switching frexcy, either Region | or Region
Il may be considered because of their monotonicitiyequency. Region Il is a better
choice since the frequency can be set directlygtamal to the resonant frequenfgyFor
best power transfer efficiency, the switching freaecy should be set close to the resonant
frequency. In order to maintain zero-voltage switgh(ZVS) condition for the power
MOSFET in the full-bridge circuit, the actual switag frequency will be higher thdn

2.5 Relationship between Input Voltage and Primary Curient

Since the secondary side output voltage of thestnaianeous power supply cannot be
directly measured from the primary side, the prymarrentl, becomes an important
control parameter for the whole system, both fatgwng frequency adjustment and for
output voltage regulation. It is necessary to levén-depth understanding of the
relationship between the input voltagés or Vs (in AC analysis) with the primary currelat
at different loading conditions. The case with fillity ratio where the duty rati®is always
set to one is studied first, and it is followedtbg case with PWM control where the duty

ratioD is controlled to regulate the output voltage atgbcondary side.

2.5.1 Full Duty Ratio Control
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Figure 2-6: Relationship between primary curier#nd input voltag®/s at resonant

frequency for different loading conditions
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Figure 2-6 shows the primary current waveformgdiierent output loading
conditions when the switching frequerfgys set to the resonant frequericyit can see that
the current waveforms for all loads happen to Hheesame current level when the input
voltageVs is zero. At resonance, bath andZs will be zero and the input impedance is
equal tgwLy, in parallel withRe/n”. The primary current is actually the vector suntved
currents]y andls, wherely, is the magnetizing current ahglis the secondary side current
reflected to the primary. For resistive load andeabnant frequencis is in-phase with/g
andly is 90° out of phase wit¥ls. When the sinusoidal input voltayye is at zero levells is
also at zero level and the non-zero levdlafurrent is due to the peak valud gfcurrent.

V.,
|a:|M,pk:‘j;£’:‘ (211)

The value olVsg is the fundamental component of the square-wgwet iwoltage
+Vn, i.€.,
Vo = 1Y, (212)
It can be seen that the current lely@s proportional to the input voltadéy and 1Ly, but is
independent of the output loadiRg. This is a very favourable condition for full duigtio
(i.e.,D = 1) self-tuning control, and the switching fregog can be adjusted to the resonant

frequency by monitoring thie current level.

In order to implement the switching frequency cohtit is necessary to know how the
I, current level changes with frequerfcyrirst, the input impedance at the primary is
Z,=2, + jaby, (2 + R)/m) (213)
or z,=|z.|0e (2.14)

and the current leveé) can be calculated as

I, = Vo sin(- 9):iﬁ!\gf”sin(— 6) (2.15)

2
Figure 2-7 shows the variation lgfwhen the switching frequency is close to the
resonant frequendy. For heavy and medium loading conditions, €2g5 9.6Q / 20Q / 30
Q, the current level is changing monotonically satihis possible to use the current level
for resonant frequency tuning. However, for lighad condition, e.gR. = 48Q, the current

cut level is essentially flat and error would beumred when tuning for resonant frequency.
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Figure 2-7: Current cut level at different switahpifrequency Yix = 30 V, gap = 10 mm,
full duty ratio)

2.5.2 PWM Control

Next, we consider the case of fixed input voltage fixed output voltage. For a given
input voltageV,y, when the switching frequency is sefdand with output loading,, it will
generate an output voltalyye. If the output voltage is higher than the deswoatput voltage
Vob, under the condition that the switching frequedogs not change, th&fy can be
reduced to/op by PWM control that adjusts the duty rafo

An output dc voltage d¥ is equivalent to an output ac signal with peak lgoge of
Vo ok With relationship given by [133]

VO,Pk = \/E |N/O,rms = %wo (216)

In order to regulate the output voltageto the desired output volta§p, duty ratio control

is applied at the primary side to reduce the affedfs , amplitude, i.e.,

4 . (Dm
Vs o = I—TWIN sm(zj (2.17)
whereD is the duty ratio with value ranging from O tdFbr ideal circuit components, the

output voltage is related to the input voltage iy Yoltage transfer rati@,(2xf;)

cyes - Fr% (218)

Vs, %TW'N sin[DzﬂJ Vi sin(DzﬂJ

31



Substituting the value &fp with Vop, the duty ratid for a given switching frequency
fs can be calculated as
D=2minY — Yoo___ (2.19)
T VIN |:<Bv(27f5)
The effect of non-unity duty ratio generates antaafthl phase delay between the

primary current and the PWM activation signal, mieev current cutting level will be

|, = Yok Sin(ﬂ(l— D)-O 9} =4 2w Sin(DﬂJsin(ﬂ(l— D)-O 9) (2.20)
iz, "\ 2 iz 2 )2

in‘

Figure 2-8 shows the current cutting level togethi¢h the corresponding duty ratio
setting when PWM control is active. Unlike the casth full duty ratio control, these curves
under PWM control are better for switching frequenontrol. Although the curves do not
meet at a single point at resonant frequency, htelsing frequency can be settled to a
frequency above the resonant point with a devidaea than 5%. Such a small deviation is
an important criterion for high power coupling eféincy. For full load conditiorR_ = 9.6
Q), the output voltage drops sharply when the switgfrequency is away from the resonant
frequency. Thus, the switching frequency must héegt to the resonant frequency. On the
other hand, there is large variation in the curcenting level, and it is easy to adjust the
switching frequency close to the resonant frequefoylight load conditionR. = 48Q),
there is a gradual change in the current cuttingll@.e., the current level is not flat) making
the control of switching frequency with currentéépossible. From the graph of Figure 2-
8(a), the best current cutting level will be —0.3¥ere the switching frequency will be close
together. However, in order to achieve ZVS condit@ lower current level of —-0.7A is
chosen and the switching frequency will have lakgeiation (from 1.0 to 1.07%,). The
graphs in Figure 2-8(b) have similar shape as thoB&gure 2-8(a), but the current cutting
levels at resonance are larger in magnitude. Trigedan current cutting levels is mainly due
to a larger magnetization current for smallgrinductance value when the coupling
coefficientk is low. The difference in the primary current lerequires adaptive control
algorithm that changes the reference current lewealifferent coupling coefficierk. In
actual implementation, the changekafalue is detected by the change in the correspgndi
resonant frequendy (since the leakage inductand¢gsandL, are changed), the reference cut

level is gradually changed with the switching freqay.

Adjustment of switching frequency is implementeghase-locked loop (PLL)

frequency tracking control design. The details lsariound in Section 3.3.
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Figure 2-8: Primary current cutting level for diffat loads
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2.6 SPICE Macromodel

When the switching frequency is settled, the nisg s to retrieve output voltage
information from the secondary side and to make suat the overall control system is
stable. For such purposes, a SPICE macromodelliddgenerate the system response
transfer function. The model is derived from theraged time-invariant state-space
equations obtained from the moving window FouriemBformation. It allows dc, ac and
transient analyses to be carried out at a fastlation speed. Construction of the SPICE

macromodel is based on the technique provided3d]{137].

The formulation of the SPICE macromodel is givereha/hich is based on [134] and
[137]. When the power converter is operating closthe resonant frequen€ythe inductor
currents and capacitor voltages will be sinusdidahape. The modulating function or the
envelope is assumed to be a slow time-varying fan&nd it can be regarded as constant
within one switching period. Based on the aboveiagtions, the system variables can be

transformed to an (almost) time-invariant statesspaquation by using the Fourier series

X(t) = > (x), (1) expljkeat) (2.21)

kOl

wherel is the set of all integers, and is the switching frequency in rad(s@k(t) , although
strictly a function of time, is assumed to be vagyextremely slowly compared txp jket).
and can therefore be treated as a constant ceeffifir the purpose of analys'(s(>k(t) , also

called thekth coefficient, is determined by
1t .
(%), () :fL—TS x(r)exp(- jker)dr (2.22)
Similarly,

< p >k T L_TS ar exp(- jkar)dr

Integrating by parts gives

axt)\ _d - 2.23
<dt >k dt(x(t)>k+1ka)s<x(t)>k (2.23)

(x), () is actually a time-varying complex variable, whdn be decomposed into the

real part and the imaginary part. It is also cafladsor representation.

(¥, =0, O +i{x), ® (2.24)

Now equation (2.23) can be rewritten as

<d:;(tt)>k = (;jt<x(t)>kr — ke, (X(1)),’ j + j[i(x(t))ki + kws<x(t)>kfj (2.25)

34



or <dx(t)>k :%<x(t)>kr —ka(x(®), (2.26)

dt
dxt)\' _d i r
<)(;(t)> K :E<X(t)>k +ka)S<X(t)>k (2_27)
and <dX(t)> _ <dX(t)>rk 2 . <dx(t)>lk 2 (228)

For a resonant converter operating near the resémremuency, we may consider only
the fundamental frequency term (iles 1). For a capacitdC, its voltage and current
relationship in phasor representation is

. d<VC> . 2 29
<I°>:CT+ jaC(v,) (2.29)
The phasor representations of the capacitor voliagecurrent consist of two

individual but coupled models as given by

i) =e 2k i) (230
i), = 2eh s aciy,) @3Y)

The above two equations can be viewed as a subioivith a capacitor in parallel with a
dependent current source.
For an inductor, the voltage across it is propadldo the derivative of the current in

the time domain

(W)= L$+ jad(i,) (2.32)
or (W), = LO|<;Lt>r—aL<iL>i (2.33)
(W), = Ld<(;;>‘+a1_<iL>r (2.34)

The above two equations can be viewed as a subiovith an inductor in series with a
dependent voltage source.

For resistor{v,) = R(i.), SO

(Ve), = Rix), (2.35)
(Ve), = Rig), (2.36)

Figure 2-9 shows the phasor transformation foithinee basic types of circuit

elements: resistor, inductor, and capacitor.
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Figure 2-9: SPICE macromodel transformationRpL, C elements

A summary of the procedures for generating the ERiacromodel from the original

resonant circuit is outlined below [135, Pages }-15

1.

2.

The circuit is partitioned into two parts: fast &hing circuit and slow switching circuit.
The fast switching circuit is split into two: theal<r> part and the imaginargi> part.

The driving sources are replaced by th&icoefficients in Fourier Transfornk € 1 in

our case).

In the fast switching circuit, inductance is asats with a dependent series voltage

source; and capacitance is associated with a depepdrallel current source.
The slow and fast circuits are joined togethertigywoltage sources parts), i) and

(ip» (Vo))-

The final SPICE macromodel is shown in Figure 2&fi] the parameter values in the

SPICE macromodel are listed in Table 2-2.
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Table 2-2:  Parameters for SPICE Macromodel

i 2
<y, >'=0 <y, >'=-—Vg
T
<] . <t
<V, >'=Vox <V, >'=Vox
; ry2 ; i\2 ; ry\2 ; i\2
V=i >+ (<ip, >) Vi, > + (=i, )
r_ H i i _ H r
<vu > Eal <i > <y > =l <iy >
r_ H i i _ H r
<\/L2>_C()SQ<|L2> <VL2>_ a)SQ<IL2>
r_ H i i _ H r
<VLM >_C")SLM<|LM> <VLM>_ a)SLM<|LM>
H r— _ H i H i H r
Sigp > = WL <icp> <iep > =wWCp<icp>
H r— _ H i H (- H r
<lgs > = ~wL < o> <les > = WL < o>

Figure 2-10: SPICE macromodel for circuit simulatio
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2.6.1 Line-to-Output Converter Response
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Figure 2-11: Line-to-output response of TET circuit
By using the SPICE macromodel and applying ac aislthe line-to-output

converter response for two different valuek afe generated, as shown in Figure 2-11. Both

the gain and phase response curves are flat fraim H&Hz frequency, which indicate

neither pole nor ze

ro at dc level. The peaking afjnitude response near 1 kHz frequency

followed by a —40 dB/decade region represents aldepple transfer function, and a phase

shift of —180° in the transition range also indésathe existence of the double poles. There is

a high frequency z

ero near the 100 kHz region, wisicshown as the rising of the phase by
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90°. The control system can be stabilized undetadlicontrol with a Pl compensation

algorithm. See Section 3.5 for the design of thedpitroller.

2.6.2 (AC) Output Voltage-to-Primary Current Response

Figure 2-12: SPICE macromodel with g, at output side

For transmission of information from the secondsdg to the primary without using
another data link, the solution can be found withrell voltage perturbation at the
secondary output. The SPICE macromodel is modifieddding an ac voltage source in

series with the output load (Figure 2-12), andréeponse of the primary currentis

obtained through ac analysis.
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Primary Current Response (dB)
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Figure 2-13: Frequency response of primary cuti@secondary tone signal

Figure 2-13 illustrates the primary current resgatosthe ac signal excitation. There is

a peaking response at the double-pole positiorgwsétiould be avoided for data signalling.
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The gain response smoothly declines at a rate dB2@ecade along both sides of the peak.
Similar response curves are obtained for a lovearsfiormer coupling case in Figure 2-12(b).
A frequency band range from 20 kHz to 30 kHz igskld for transmission of output voltage
information. This frequency band is determinedh®sy geometric mean of the switching
frequency (300 — 400 kHz) and the double-pole feeqy. With the use of this frequency
band, high speed information exchange can be asthiith relatively simple modulation
scheme.
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Chapter 3 System Design

Two hardware prototype boards, namely, the prirsatg controller board and the
secondary side controller board, are built to impdat the functions of the transcutaneous
power regulator. Detailed design procedures fosdteo control boards are discussed in

this chapter.

3.1 Primary Side Controller Board

The main core on the primary side controller baartie CPU, and the first issue in

the design process is to select the DSP CPU.

3.1.1 Primary Side DSP Functional Requirements
Functional requirements for the primary side DSfide:

1. Two pairs of PWM signals for driving the phase-shifl-bridge circuit should be
generated. The PWM period corresponding to thengastacircuit switching frequency
should be in the range from 300 kHz to 400 kHz. plrase-shift PWM duty ratio
control, there should be programmable time deldywéen the two pairs of PWM

outputs.

2. Fast ADC channels are needed to sample three asiglogls continuously. The fastest
analog source is the tone signal (after filterifog)decoding the secondary output
voltage and this signal needs to be sampled daeafd 20 k samples/second. The other
two analog signals are dc input voltagg level and the peak of primary current level,
Ik It is good to have a 12-bit ADC resolution, bQttdit ADC is adequate. Appendix 5

provides an analysis of ADC resolution requireméaitall analog signals.

3. An analog comparator is required to convert thesordal shape primary curreptinto
digital form for time difference comparison. A CRNith internal analog comparator
will be a favourable choice. In order to changeréference current level at different
values of coupling coefficiett the reference voltage level in the analog contpara

should be programmable.

4. The time difference between the output of analogmarator and the PWM control
signal will be compared and the result will be uswdswitching frequency adjustment,
it is desirable if the DSP CPU can assist the hardwnodule for performing the time

measurement.
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5. The CPU needs to perform DSP functions for toneadigecoding, system closed-loop
control and switching frequency adjustment. Sitas¢ operations involve intensive
DSP operations, the CPU of choice should contaidviere DSP engine that speeds up

the computational performance.

In summary, the basic requirements for the DSP @feUwo inter-related PWM
modules with 4 PWM output pins, 3 analog ADC pthgnalog comparator input pin, 2
digital input pins (with edge detection and timansp, for phase difference measurement).
There is one optional pin for the analog comparatput and two to three output test pins
as system status indicators. AddWg, AVcc (power) andsND, AGND (ground) pins, CPU
reset pin, system clock pin(s), and emulator copires, a CPU with 20 pins to 28 pins is
needed. For prototype board construction, it welldm added advantage if DIP package is
available for the selected DSP CPU.

3.1.2 Primary Side DSP Selection

For sourcing DSP CPU, our first choice is Texasrtmsents (T1), which has been the
leading DSP manufacturer for many years. There bae@ numerous designs in control
applications using the TMS320F28x series DSP.rimgeof functional performance, TI's
new Piccolo series microcontroller TMS320F28022 loamised as the primary side
controller. Another DSP of choice is Microchip’'sRIE33FJ16GS502 DSP. Table 3-1 lists
out the functional performances of the two DSPeaiit be seen that TI's DSP outperforms
the Microchip’s DSP in many ways. However, at iheethardware design began, the Tl
Piccolo chip was not available yet, only the preced MS320F28x series was available.
However, this series of DSP all have a large pimtof 100, which is too many for our
design, so the Microchip’s dsPIC33FJ16GS502 DSPsetested as the primary side
controller. Moreover, the Piccolo chip is only daale in 38-pin plastic small outline
package (PSOP) or 48-pin plastic quad flatpack @®Q@fckage, an adaptor socket is
needed to connect the DSP to the prototype board.

Figure 3-1 shows the block diagram of the Micro&hipSP, which belongs to the GS
series DSP. This series is specially designeadwidcksing mode power supply (SMPS)
applications. As the CPU system clock is generhyean on-chip oscillator (at 7.37 MHz),
there is no need for an external crystal. The cfoeffuency is further increased to 80 MHz
(for 40 MIPS performance) by an on-chip PLL. The®\Wésolution is 1.04 ns. Thus, when

the switching frequency is set between 300 kHz40@kHz, it will have a corresponding
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PWM period count value between 3200 and 2400. Eni@g count corresponds to a true 12-

bit controllable PWM resolution, which is acceptali our application.

Table 3-1:  Comparison between TI's DSP and MicnostDSP

TMS320F28022 dsPIC33FJ16GS502
Program flash 32k bytes 16k bytes
On-chip RAM 12k bytes 2k bytes
Processing speed 50 MIPS (max.) 40 MIPS (max.)
PWM resolution 180 ps 1.04 ns
ADC resolution 12 bits 10 bits
ADC conversion speed 3 MSPS (max.) 4 MSPS (max.)
Capture pin with time-stamp 1/2 2
On-chip oscillator Yes Yes
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3.1.3 Inductor Coils Selection

The transcutaneous transformer is the medium oepdnansfer during inductive
coupling. Its construction is critical for achiegihigh power efficiency. Coupling coefficient
k can be maximized by using transformer coils wattgér coupling areas. Further
improvement irk can be made by using a ferrite core, so that dngnetic flux is more
concentrated, producing less leakage flux. Anottgere in the transformer coil design is to
reduce the loss during coupling. The loss is matioly to the ac resistance in the coil,

causing eddy currents, skin depth effect and pribyieffect.

For an individual wire, current tends to concem@bng the outer wall, hence the
name skin effect. For the influence of the curtarwugh neighbouring wires, the term
proximity effect applies. A useful parameter fosessing the degree to which skin and
proximity effects take place is the skin depthit is defined as the distance over which an
EM planar wave in a conductive medium is attenubtetle (~0.37), it can be calculated as

5= |2P (3.1)
wu
wherep = resistivity of conductor,
= angular frequency of current,

w1 = absolute magnetic permeability of conductor.

For copper, the skin depth at various frequensisfiown in Table 3-2. To reduce the
loss due to skin depth effect, Litz wires are useithe construction of the transcutaneous
transformer coils. Litz wires are conductors mage@umultiple individually insulated
strands twisted or woven together. The diamet@ndividual strand wire is so small that the
eddy-current losses are minimized. In our systém] itz wires for transformer coils are
AWG 46x640. From Table 3-3, it can be seen thatrémescutaneous transformer can

operate up to 1 MHz of switching frequency.
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Table 3-2:  Skin Depth of Copper Wire at Variouscferencies

Frequency Skin Depthun)
60 Hz 8470
10 kHz 660
100 kHz 210
1 Mhz 66
10 Mhz 21

(Source: http://en.wikipedia.org/wiki/Skin_effect)

Table 3-3:  AWG Gauges Table

AWG Diameter (mm) AWG Diameter (mm)
10 2.590 15 1.450
20 0.813 25 0.455
30 0.254 35 0.142
40 0.079 46 0.040

The transcutaneous transformer is made up of tiwval §hape circular coils at the
primary and secondary sides. Formulae for induetaadculation can be found in [140], and
the formula for calculating the mutual inductanedneen circular coils with inclined axes
can be found in [141]. However, for inductive canglapplication, the coupling coefficient
k will be of more interest. There are some guidalifigl2-143] to improve the coupling

coefficient when building the transformer coils:

® Enhancement is achieved by distributing the tufrtecoils across the radii instead of

concentrating them at the outer circumferences.

® Transcutaneous transformer with larger outer radilesss sensitive to gap variations,

so there is less change in the coupling coefficigrdn the gap separation is changed.

® Outer diameter of the primary winding must be bighgan the outer diameter of the
secondary winding, and inner diameter of primarngding must be smaller than the in-

ner diameter of the secondary winding.
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In order to have a high efficiency of power deliwésr the artificial heart system, a
primary coil with large mutual inductance valudasourable. This is because the extra
current component flowing through the mutual indace will be less and the ohmic loss in
the series resistance of the primary coil can baaed. As a result, larger size transformer
coils with large inductance values are used. Thlusizes of the coils are from 80 mm to

120 mm for the outer diameter.

For our power regulator system, an air-core typadtutaneous transformer was built
using AWG46 (x640) Litz wires, there are 30 turngloe primary side and 29 turns on the
secondary side, and the outer diameters are 88mdrB&mm, respectively. Using LCR
meter, the inductance value and the associatesgesestance for the transformer coils under

1V ac signal excitation at 300 kHz and 400 kHzrasasured and shown in Table 3-4.

Table 3-4: Measured Results of Transcutaneous finaner Coils

Inductance |{H) ESR Resistance @)
Primary coil @300 kHz 33.02 466
@400 kHz 33.04 587
Secondary coil @300 kHz 31.20 331
@400 kHz 31.20 407

3.1.4 Resonance Capacitors Selection

The resonant capacitofS; andCs, are placed in series with the leakage inductances
L; andL,, respectively. The two capacitors are placed #t bidles of the transcutaneous
transformer to form resonant tank circuits at #ee frequency. Basic requirements for the

resonant capacitors are

® Capacitance value should be invariant to voltagktamperature. It is necessary to
keep the resonant frequencies at both sides afahsformer in matching conditions.
For excellent temperature stability, the COG typ&lB0 type capacitors should be used.
According to EIA specification, the temperatureftorents for COG type or NPO type
ceramic capacitors is 0+30 ppm/°C over -55°C ~ #C2%he other two popular
temperature coefficient codes are X7R = +15% chawge -55°C ~ +125°C, and Z5U
= +22% change over -10°C ~ +85°C.
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® Series resistance is a major loss in our systembé&st power converter efficiency and
high Q resonant tank operation, capacitors with E®R should be used. Metallized
plastic film capacitors will be a good choice andable dielectrics are polyester,
polypropylene, and polystyrene. Another choicdésrultilayer ceramic (MLC)
capacitors. The rated voltage can be up to 5008dveahibit low ESRs at high

frequencies. But the MLC capacitors are more expgens

® Capacitors should have a high voltage rating. Seaanected resonant tanks normally
ring with high voltage. Thus, the capacitors in sseuld withstand considerable
voltage strength. According to captured voltageefanms in the experiment, the peak

resonant voltage can be up to 200 V, and the wltating > 500 V is preferred.

AVX SMD type high voltage MLC chips 1000 V, 2200, P0G type capacitors (Part
number 1812AA222JA) are selected as the resonaatitars. In order to further reducing
the ESR value, five SMD capacitors are solderedttog to form one resonant capacitor.
The surface mould (SMD) type package is used becafuheir small size, and they can be

easily soldered or removed from the PCB.

The measured capacitance valueioandCs are 10.99nF and 11.09nF, respectively.
Their effective ESR is 19 én(300 kHz) and 17 @ (400 kHz) forCs capacitor; and is 22
mQ (300 kHz) and 20 @ (400 kHz) forCs capacitor. The ESR resistances are much lower

than the series resistances in the inductor coils.

3.1.5 Power MOSFETSs Selection

The power MOSFETSs are the switching devices forptigse-shift full bridge circuit.
The flowing current is mainly the primary inductarrrent (max. 5A peak) and the voltage
strength is th&/y input voltage (30 V to 45 V). The basic requiremierfast switching (i.e.

low Cys andCyg) and lowrps(on resistance, and the voltage rating is 80 V or abov

The selected MOSFETSs are Vishay's Si7852ADP. Thmey8aV n-channel MOSFET,
and have a lowpsn resistance of 17 fhatVgs = 10 V. The gate-source chai@g is 9 nC
and the gate-drain char@g, is 8 nC (alps = 40 V andVgs = 10 V), and the typical values

of rise time and fall time are 9 ns and 9 ns, retpaly.
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3.1.6 Rectifier Diodes Selection

There are two places in the control circuit wheifier diodes are used. In the
primary circuit, the diodes are placed in paralih the switching MOSFETSs, with
direction the same as the NMOS'’s body diodes. Elexted (totally four) schottky diodes
are having low forward voltage, and they replaeeftinction of the body diodes so that
power loss is reduced during the time period oérse current flow when the attached
MOSFET is ‘off’.

Another place for the rectifier diodes is the fodlelge rectifier at the secondary output.
Since two of the diodes are conducting when theoaiirent flowing to the load, selection of
rectifier diodes with low forward voltage drop igicial to achieving high power efficiency.

The selected rectifier diode is Vishay’s V10P1thhigirrent density surface mount
Trench MOS barrier schottky rectifier. The breakdowltage is 100V and it can allow 10 A

of continuous current flow. Its forward voltageis 0.453 V at = 5 A at 25°C.

3.1.7 Hardware Prototype Board

Figure 3-2: Primary side controller board and tcatesneous transformer

Figure 3-2 shows the image of the primary sidercdlet board (left) and the
transcutaneous transformer (right). The circuigchan of the primary side controller is
shown in Appendix 1. The components used by thragy controller board are selected
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according to the discussions in the previous sestiat the lower end of the primary
controller board are the four MOS transistors f8FB control. An advantage of the ZVS
mode of operations is that there is a minimum arhofiheat generated and no heat sinks
are required. To shorten the circuit connectiom pidite SMD resonant capacitors are placed

directly between the full-bridge circuit and theater for the primary transformer coil.

At the middle of the board is the heart of the priynside controller, the 28-pin
dsPIC33FJ16GS502 DSP. It is operating at 3.3 Vigumgdtage with an internal oscillator
running at 7.37 MHz. An on-chip PLL multiplier walpeed up the system clock for 40 MIPS
operation. Between the DSP and the MOS transiater$Cs for gate driving, the
International Rectifier's IRS2011. They are higld éow side gate drivers, one for one leg of

the full-bridge rectifier.

At the upper end of the board are the analog cosmisntwo op-amp ICs and one
low-pass filter. The purpose of the analog circigit®o shape the three ADC signals and one
comparator signal for the DSP chip. The input \gétaange for the ADC signals is 0 V to
3.3V (AVpp), and for analog comparator signal the voltaggeas O V to 1.2 V. In order to
reduce the switching noise coupled to the analayits, the PWM switching circuits and

the analog circuits are intentionally placed attthe ends of the PCB.

At the upper left side of the board is the supmitage generation circuit, which will
generate +5 V voltage for the op-amp chips, an@ ¥3supply voltage for the DSP. All these
voltages are generated from a +12 V voltage soarwtijt is also the supply voltage for the

gate driver ICs.

TheV)y voltage to the full-bridge circuit comes from amat header (closed to the

MOS transistors), and the voltage range is fronv 30 45 V.

Figure 3-3 shows an expended view of Figure 3-2art be seen that a toroid (with
green color wiring) is passing through the primi@ansformer coil. The toroid is functioned
as a current pick-up device, and the wire endingsannected to a 2-pin connector. The
connector will be plugged into the primary sidetcolter board (upper-left corner of Figure
3-3), at which primary current waveform will be eented into voltage signal. The peak
level of primary current is obtained using pealedgdr circuit. The tone signal for secondary
voltage identification is also derived from thermpairy current signal. The signal first passes

through a peak detection circuit, low-pass filtgriand then band-pass filtering.

Figure 3-4 shows the circuit board at the secondag of the transcutaneous
transformer. This part of the circuits is assunmeld placed inside the human body. The
circuit board contains a 4-pin header for connectiothe secondary transformer coil, the

secondary side resonant capad@srthe full-bridge rectifier (with four diodes), arite
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output capacito€o. There are also header pins connected to theitt§routput voltage.
These headers are connections to electronic lodda@tmeter for circuit testing and

monitoring.

Figure 3-4: Secondary side rectifier board
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Figure 3-5: Mechanical setup for transcutaneoussfoamer

3.2 Secondary Side Controller Board

The secondary side of the power converter is a rsimmpler design. There is a 4-bit
MCU that functions as an output voltage sampleraeduare wave tone signal generator
(according to the result of A/D sampling). Therai80:1 transformer that converts the £6 V

square wave signal into £0.1 V and injects it ithte output circuit path.

The major requirement of the secondary side cdatrid small size and low power
consumption. The small size requirement is duéedimited space inside the human body,
and the low power requirement is for the reducabonwanted heat generation. The CPU of
choice is Micorchip’s 4-bit MCU PIC12F615, anddtan 8-pin CPU that can operate at 2 V
supply voltage. Typical supply current is 248 (Vpp = 2.0V, internal oscillator @4 MHz).
The CPU contains a 10-bit analog-to-digital coree(ADC) for output voltage sampling.

An output tone signal with frequency between 20 k130 kHz is generated with an on-
chip hardware PWM module. Figure 3-6 shows thelbthagram of the PIC12F615 CPU.

Figure 3-7 shows the secondary side controllerdyaard its circuit diagram is shown
in Appendix 2. The input power to the board carstnerced from an external +12 V power
supply, or directly from the 24 V secondary outpoitage. For normal operation, the voltage
source will be the secondary output voltage. Itleen tested thoroughly that the secondary

controller board can be powered up with the outpltage starting up initially at zero
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voltage. The driving circuit for voltage couplingikis a half-bridge circuit, and an IRS2004
half-bridge driver is used to drive two low-powes B/0 MOSFETs. There is a shutdown
control in the half-bridge driver. When the secaydautput voltage is below 12V, the half-
bridge driver is disabled and no square-wave tareats are sent out. There are two LED
lamps on the prototype board as status indicatioesied LED will flash at a rate according
to the secondary output voltage level. When théagel level is low, the flashing rate is slow;
when the voltage level is high, the LED flashintgris high. For the green LED, it is turned

on when the output voltage level is within the 2440.15 V range.

Since the whole secondary board will be placedismgie human body, circuit design
with few components count is used. When all circaihponents are changed into surface

mount type, the final PCB size can be significangiguced.

FIGURE 1-2: PIC12F615/HV615 BLOCK DIAGRAM
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Figure 3-7: Secondary side controller board

3.3 Switching Frequency Control

Control of the switching frequency is done by tiagkthe primary currerit level at
the beginning of PWM signal. The exact control roetks implemented as a phase-locked
loop (PLL) frequency tracking algorithm with PI ¢ool for phase error compensation.

FRE F

F..
PHASE o o
DETECTOR LOOP FILTER > vCO

\ 4

Y

FC KV

Figure 3-8: Block diagram of analog PLL
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Figure 3-9: Loop filter for CPPLL

Figure 3-8 shows the block diagram of an analogetacked loop. A reference
signal (i.e. the primary currety) of frequencyFrer is compared with the output signal (i.e.
the PWM switching signal) of frequen&yyy,. There is a gain dfp in phase detector and
the resulting phase difference is low-pass filtdsgdhe loop filter. The output of the loop
filter is a slowly moving dc voltage. When the ditage level is changed, the frequency of
the voltage controlled oscillator (VCO) is updased a new frequency signal is generated

for phase comparison.

In the PLL design, the high and low frequency ramgest be defined. The open-loop
gain is

H(s)[G(s) =K, [K, [K, K, (3.2)

whereKp = phase comparator gain

K: = low-pass filter transfer gain

Ko =Ky/s, is the VCO gain

K, = 1/n, the divider ratio

The open-loop gain of the charge-pump phase-lokdau (CPPLL) in Figure 3-9 is
given by [144, 145]

LG(s) oo Ko gl 374 (3.3)
2r s N <
whereaw, is the zero frequency
W= (3.4)
RC

The phase margin for the system is given by
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PM = arctarE%GBWj (3.9)

4

In other words, given the PLL specifications of fitease marginRM) and the unity gain

bandwidth {yeew), the required zero frequeney can be found as

_ a‘UGBW (3 6)

@ tan(PM )

Based oqLG(j%GBW] =1, the resistance valu®can be found as
2
R - 27N D wz (3.7)
ICPKVCO \/a)z2 + a{,Gsz

Then, from (3.3) and (3.5), the capacitance v&liefound to be

c - tan(Pm) (3.8)
RI]L{JGBW
I, nn _ T .-
R P2D » DIGITALLF > DCO >
PWM nn [7 >
CKV
=N <

Figure 3-10: Block diagram of all-digital PLL

For digital software implementation, the block demg of PLL is modified as shown
in Figure 3-10. It consists of a phase-to-digiahwerter (P2D), a digital loop filter (LF), a
digitally controlled oscillator (DCO), and a feedkalivider. The P2D senses the phase
difference between the reference clégkr and the DCO dividing clockcky. This
information is filtered by the first-order digitaF and then is used to control the DCO. The
reference cloclgeris obtained from the analog comparator outpuhefd primary current,
and it is a digital output signal. In our systehe tlivider N is equal to one and the DCO

clock signal Fcky) is actually the full bridge PWM driving signal.

The all-digital phase-locked loop (ADPLL) of Figusel0 has a structure and
operation very similar to a second-order CPPLL. ptiecipal difference is that the phase
error information is processed in different wayBeTising edges of the digitalizégdand the
PWM signals are captured by the DSP’s input cagtardware module, one for each input

signals. The time of input capture is saved as-hitléounter value obtained from Timer 3,
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which is running at a clock speed of 40 MHz. Thhe,time resolution of the counter value
is 25ns, and the difference of the counter vahig: = (Cntwwm -. CNtp) is the resulting output
of the phase-to-digital converter. The switchiregfrency of the power converter is between
300 kHz to 400 kHz, and taking the worst case 499 fkequency for calculation, the
transfer function of the P2D module (i.e. the d&ihis

P2D(s) = ~* 0010 _50 (3.9)
2N, 2m@51s 7

A digital equivalent of an analog loop filter costsi of a proportional path with a gain
a and an integral path with a gginThe z-domain transfer function of the digital podter

is given by

LF(2)=a+ ﬁl—lz-l - (@ +1I[_?)2_-1az_1 (3.10)

The parameters of a digital loop filterands can be obtained from the parameters of
an analog loop filter R and C by using the bilineansform. The bilinear transform is
commonly used to design digital filters based airthnalog prototypes.

_ Tg i—zj (3.11)
S + Z

whereTs is the sampling time of a discrete-time systemictviis 0.5 ms in our DSP system.

For the CPPLL, a charge pump (CP) is used to genareharge which is proportional
to the time difference between the UP and DN pulBks resulting charge is pumped into
the analog filter, the output voltage of which goid the VCO. This similarity allows one to

extend the design procedure for a second-order CRP& second-order ADPLL.
The phase error in the digital domain is filtergoalfirst-order digital loop filter and
then fed into the DCO with a transfer function givwey

DCO(s) = Keco (3.12)

<

Again using the worst-case switching frequency @ #Hz, the PWM resolution is 1.04 ns
(or 1/960 MHz). Thus, 400 kHz is represented asx@60400x1G = 2400 PWM period
counter value. So,

400x10°
PCO 240(

The design of the digital PLL loop filter followkée procedures in [145]. The sampling
time Ts is 0.5 ms, and the unity gain bandwidthsgw is set to 1/10 of the sampling fre-
qguency (= 2x200 Hz). Also, the phase margin (PM) is set tq 468 the required zeroy is
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__Cyesw _ 211x200_ (3.14)
= = =1257 :
@ tan(PM)  tan(45°)

With Icp equal to 2xP2D(s), the values of the filter components can bedoas

N w,” 1 1257x1257

R= =
P2D(8) Koco \/e,® + @y’ 001671257 +1257

=0.3344

c - tanPM) _ L = 238107
Ry 0.3344x1257
and the filter coefficients are
-3
a= R—Ls = 0.3344—%0_3 =023
2C 2x2.38x10
-3
IB = E = &10_3 =021
C 2.38x1C

3.4 Secondary Output Voltage Feedback Control

As discussed in Section 2.4.2, tone signals bet@8edHz and 30 kHz will be used to
transmit the secondary output voltage informatiamtthe transformer secondary to the
primary side for voltage regulation. Three diffdrsignal modulation methods can be used
for information transmission, namely, amplitude miagion, frequency modulation, and

phase modulation.

In terms of work load in demodulation, amplitudedulation is the simplest way of
decoding. The tone signal at a predefined frequenoptained by band-pass filtering, and
the tone amplitude will then be mapped to a vaha¢ tepresents the secondary output
voltage. This method will work when output loadisdixed. Another condition is that there
should be no variation in coupling coefficidntAs shown in Figure 2-13, the tone signal
amplitude in the primary current is changing whb butput loading?. and with coupling
coefficientk, it is difficult to set the reference tone levieht corresponds to the desired 24 V

output voltage level.

With the advances in DSP algorithm developmengueacy spectrum calculation can
be done with moderate complexity. So, frequencyutaitbn is a viable solution for data

transmission, and the problem is how fast the médion data can be decoded.

For phase modulation, information can be transohiie two sinusoidal tone signals,
one at frequency X and the other one at frequeXcylBe phase difference between the two

tones can be retrieved as data information. Howehisrmethod can only be applied for
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situation where the switching frequency is fixech&N the switching frequency is changing
(for output load change érvalue change), there is a phase offset betweemvthtone
signals. Even worse, for different load settings, phase offset will be different. Another
way for phase modulation is to transmit only a Erigne frequency, but the tone signal is
divided into segments of fixed time slots. Betwéga time slots, the phase of the two
segments will be adjusted to represent new datamation. Decoding at the primary side
must include phase information decoding togethén aligorithm for data segment
synchronization, and the decoding job is much neoraplex than frequency demodulation.
Also, signals sent out at the secondary side nastriusoidal in shape, not square-wave as

in the frequency modulation case.

Due to the difficulty in obtaining good resultsamplitude modulation or phase
modulation, frequency modulation technique is detbas the method of secondary voltage
information transmission. Decoding of tone signsidone by Goertzel algorithm, which is a
fast DSP algorithm for tone detection. The toneaigs decoded for every 0.5 ms time

interval.

The Goertzel algorithm fd¥ consecutive samples of data is summarized as below
[146]:

1. Recursively compute for=1, ...,N

v, (n) = 2cod27£, / f.) (v, (n—1) = v, (N 2) + x(n) (3.15)

wherey, (-1)=0, v, (0) =0, andx(n) is the input waveform sequence.
2. Compute once at the last step

X (K" =V (N) + V2 (N —2) - 2cof27f, / f, ) ¥, (N) ¥, (N -1) (3.16)

where\x(k)\2 is the spectral energy of tkeh tone.

At the start of every 0.5 ms interval, 16 sampleaC data of the tone signal are
consecutively read into a data buffer, and spettfatmation in the form of squared
magnitude at seven frequency points are calcul&esides the five tone frequencies listed
in Table 3-5, additional frequencies at both erfdb@tone frequency range (i.e., 17.5 kHz
and 32.5 kHz) are added for detection of unwanistitbances nearby. To prevent random
noise being treated as a valid tone signal, alloiddevel for the decision of good or bad
tone signals is necessary. As shown in the macrehsthulation results of Figure 3-11, the
tone signal responses in the frequency range &H2to 30 kHz for different values of
output loading resistand& are similar, with smaller response amplitude &wgérR. . But

since the magnitude of the primary current leveiiferent when the output load changes,
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the received tone signal amplitude is smallerdogerR_. To account for the signal level
changes with different output loads, a thresholéligroportional to the square of the peak

primary current|p iS used to compare with the tone signal speetratgy level.

Table 3-5:  Tone Frequency Assignment for Secon@arput Voltage

Secondary output voltage (V) Tone frequency
Below 12.00 V No tone signal
12.00 — 23.25 20.0 kHz
23.25-23.85 22.5 kHz
23.85-24.15 25.0 kHz
2415 -24.75 27.5 kHz
Over 24.75V 30.0 kHz

=== 45 ohm

Primary Current Response (dB)

i] i
10° 10°
Frequency (Hz)

Figure 3-11: Frequency response of primary curt@secondary tone signal for different
output loadR.
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The tone signal ADC data(n), are treated as 16-bit data, and the energy déit,
are 32-bit data. The coefficient data for eactheftone frequencyod2s, /f.), withfs = 120

kHz, are scaled by 1024 levels and are treate@-dst Hata. Their values are listed in Table
3-6.

Table 3-6:  Data Coefficients for Goertzel Algorithm

Tone frequency cod27,/ f.) Data Scaled by 1024

17.5 kHz 0.6088 623
20.0 kHz 0.5000 512
22.5 kHz 0.3828 391
25.0 kHz 0.2588 265
27.5 kHz 0.1305 133
30.0 kHz 0.0000 0

32.5 kHz -0.1305 -133

3.5 Voltage Loop Control

Figure 2-11 shows the line-to-output response ®fftBT circuit at different gap
separations, and the response for(® @utput load is shown (in blue color) in Figure 3-1
again. Generally speaking, the worst case in gabbntrol exists with low resistance
output loading. For analog circuit control, a typeompensation circuit can be used to
stabilize the control loop, resulting in a unitywghandwidth of 2 kHz with 50° phase
margin. However, the primary controller board isvngsing DSP for system control and the
control-loop stability is handled by software usam&!I (proportional-integral) control
algorithm. The digital Pl controller is updated Bv8.5 ms, and it will create a time delay
effect called zero-order hold on the control systBome to the simple response shape of the
P1 controller and the zero-order hold effect, theéyigain bandwidth has to be selected at a

lower frequency, e.g., 30 Hz, and the correspongdimase margin is close to 90°.

The frequency response of the PI controller is
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H(s):KP+%: o.oe+%0 (3.17)

and the corresponding transfer function in the mdio is

006z -0.045 (3.18)
z-1

H(2) =
The converter response curves using the Pl coatrate shown in Figure 3-12 in

purple colour. In the transcutaneous power convsggtem, the secondary output voltage is
first sampled by a microcontroller at the seconddae, and a tone signal is then generated
at the secondary circuit. The tone signal will deuprough the transcutaneous transformer
and it will lead to primary current fluctuation. &te primary side, the small amplitude tone
variation in the primary current is picked up byaralog amplifier circuit together with low-
pass/band-pass filters. So, there will be timeyddlge to tone decoding, and time delay for
analog signal transmission. The time delay for tsigaal decoding is the time of one
complete tone period, which is 18 for 20 kHz tone and 33 for 30 kHz tone. For normal
operation, the output voltage should be around 246d a tone frequency of 25 kHz will
be generated, and the nominal time delay iggd’he analog circuit travel time delay is
measured with an oscilloscope and the resultshanersin Figure 3-13. The time delay for
the 20 kHz tone signal is 1t and for 30 kHz tone signal is @8. The worst-case total time
delay is 125s, which is 1/4 of the time between PI controllpdate. According to [147],
the time delay in digital control mostly affectgtiystem phase response at high frequency.
But since the unity gain bandwidth in our systersasto a low frequency (and with large

phase margin), the stability of the control loojl wot be affected by the time delay.
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Figure 3-12: Converter response using Pl compeorsati
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(a) 20 kHz tone signal time delay

Tek Run Trig'd

70 us

(@ 2.00v — @ 1.00V ~ - J[4o.ous JF.O'Mé/s J[ 2 7 2.sovJ

10k points

26 Apr 2010
14:38:45

(b) 30 kHz tone signal time delay

Figure 3-13: Time delay for tone signal from sea@ydside to primary
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3.6 Effect of Duty Ratio on Output Voltage (Input Voltage Feed-

forward)

By fundamental magnitude approximation (FMA), we ge
4 (D
Vs ok =Vin E}FTsm(znj (3.19)
whereVs yis the peak amplitude of the AC equivalent sindabinput voltage. Thus,

Mo _ o1y &O{ Dnj (3.20)
oD 2

Clearly, for different values of duty ratid, the AC input voltage amplitude is nonlinearly
changing withD, and the same effect will occur at the secondatgui voltage. To linearize

the effect of PWM duty ratio control, a scalingtfacof
1 (3.21)
20V, Dl:o{Dﬂj
2

is applied to the final control signal of the datycle, and the evaluation of cos(.) function is

o=

implemented using a 64-entry lookup table. By tti@itton of the scaling factar, the effect
of input voltageV,y is now included in the closed-loop control syste&n, it is an input

voltage feed-forward control system.

The input voltage range of our power convertepecsfied as 30 V to 45 V. It is not
suggested to work with input voltage higher than/4at high input voltagé/, in order to
regulate the secondary output voltageto the desired 24 V level, the PWM duty rdiio
will become small. A small duty PWM signal has myéa phase difference with the primary
currentlp and a higher switching frequency (away from tterant frequencly) is required
in order to meet the ZVS condition. There are tigadvantages for running switching
frequency away from the resonant frequency. Rinstpower efficiency will drop. Next, the
received power level of the tone signal from theoselary side will become weaker when
the switching frequency is off from resonance, &mdll increase the failure rate of tone

demodulation.

3.7 Transient Output Voltage Control

Since the primary curremmt is the medium for receiving the secondary outpliage

tone signal, it is required that the rate of chaoige is much slower than the tone signal.
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When there is a large changdgn(i.e., during start-up, input voltage change, aatput
load change), the tone signal will be distorted tom&@ decoding will fail. Thus, supplemen-

tary methods of voltage control during transiemtditions are necessary.

At start-up, the principle of operation is to lirttie primary current rising rate. First,
the switching frequency will be set to the highedkiwable frequency (i.e., 400 kHz) so that
the ZVS condition is ensured. Next, the peak lef¢he primary curreni ,is monitored. If
the current rising rate is too fast, PWM controll e used to restrict it. During this time,
there is no output voltage tone signal decodingpfBwent over voltage at the secondary
output, the maximum level of s limited to 2 A. When the primary current is efgied to
be stable for more than 10 ms, it will enter thenmed working mode and tone decoding will
start. At the same time, the phase control algaorithill drive the switching frequency to the

desired frequency range near resonance.

As mentioned previously, the effect of input volagy has been absorbed in the
scaling factor for PWM control. Thus, there is peaal handling for input voltage.
However, when there is sudden change in the ingiteige which is faster than the PWM
voltage control loop, PWM control will be used emulateViy o« according to equation (3-

19), and afterward it will wait for the new comitane signals for output voltage control.

Tek Stop

[ @ 100V @ 2.00A &) [1.00ms ][1.00MS_/5 J @ - 2.20\/}
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@ rrequency 425.8kHz Low resolution
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Figure 3-14: Output voltagé, and primary current during load transient from 9@ to 48
Q (no PWM control)
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For output load step change, Figure 3-14 showsulgut voltage response (upper
trace) during load transient when there is no PV@etol. It can be seen that the
voltage/current transition period can be completédin 2 ms. In order to compensate for
the output voltage overshoot/undershoot, correatrérol action must be applied within the
first 0.5 ms of the transition period. In ordethiave fast response to the load transient, the

tone decoding function is disabled and the comtab response time is increased to 0.1 ms.
The following criteria are used for the activatmirthis load transient control:

Al
g o (3.22)

IPka

Al >0.2 A

p

The control of the output load transient is dividie two states, each with an
distinctive controlling target. The first 1.0 mddrggs to the first control state. Its target is to
reduce the output voltage overshoots/undershoudstcareset the output voltage to the 24 V
final level as close as possible. It is assumettttigarate of change &f is due to the change
in output current consumption. For the case of wiutprrent increase, insufficient amount of
current is supplied from the primary side and outfmitage undershoot will occur. To
recover the voltage level, an additional amourduwfent has to be provided. The PWM duty
cycle is updated using

D D1, ) (3.23)

for state 1. In (3.23K; is a constant for data scalirig is the peak primary current level,

and 2o is the primary current level change since lastatgdlrhe same control action will
At

be done for the case of output current decreaséhisitime the sign of! .o will be nega-
At

tive and the control action is to reduce the prim@anrent.

When the 1.0 ms control period ends, the seconttai@tate starts. The rate of
change of current level is slower than that inesiagtand the control objective is to regulate
the output voltage level without knowing the exatput voltage level. This is done by

output loading estimation. First, the input impetars calculated with the formula

7 Ve _ Vin g‘lsin[ Dznj (3.24)

" IP,pk P, pk m
Atable is prepared to map betwegnand the peak primary currdpisfor the output
voltage at steady state. The PWM duty cycle is tgutasing

D-D+ KZZin ( IP,est_ I p ,pk) (325)
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State 2 control will stop whelp is stable (variation < 0.2 A) for three conseaitiv

time slots (each 0.1 ms). Normal PWM control byetalecoding will then be used.
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Chapter 4 Experimental Results

In this chapter, measured waveforms of the powgarlagor at steady state are
displayed. Dynamic responses of the transcutangmuesr regulator under load transient
and transformer gap separation variation are shB®awer efficiencies under different
output loading conditions are measured and thdtseste displayed. It is followed by a

power loss analysis. Suggestions for further impnognt are given.

4.1 Essential Waveforms at Steady-State

Figures 4-1 and 4-2 show the measured wavefornthéophase-shifted full-bridge
converter with gap separation of 10 mm and 20 nespectively. In each case, the supply
voltageV)y is 30 V and three loading conditions are showm.afloof the measured graphs,
Ch 1 (in deep blue) is the PWM gate signal for @iich is the power MOSFET at the
lagging leg of the full-bridge with connection¥g, supply. Ch 2 (in light blue) is the
primary inductor currerit, and Ch 3 (in purple) is the voltage differeMig across the two
legs. Figures 4-3 and 4-4 show the steady statefaans at gap separation of 15 mm, with
input supply voltag®/y set to 30 V and 45V, respectively. There is afitamhal Ch 4 (in
green) waveform in Figures 4-3 and 4-4. It is theomdary side inductor current. The extra
waveforms show the relationship between primarg sightrol and the secondary side

results.

From the graphs, it can be seen that the primamgiotis essentially sinusoid in shape,
with slight distortion for light loads. The currdgtis lagging behind the voltadés

waveform, providing charging current for ZVS comnatit
Other observations from the waveforms are

® Comparing between the two edges of¥hg waveform, the leading edge is rising more

slowly, due to the smaller amplitude of currgnt
® The inductor current is reduced when the outpulifggR, is increased.

® The phase difference betwe¥x; waveform and the currehtincreases as the loading

R_increases.
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(b) Converter waveforms for 20 output loading
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(c) Converter waveforms for 48 output loading

Figure 4-1: Converter waveforms at gap separatid®onm {,y = 30 V)
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(a) Converter waveforms for 9¢® output loading
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(b) Converter waveforms for 20 output loading
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(c) Converter waveforms for 48 output loading

Figure 4-2: Converter waveforms at gap separati@®aonm ¥,y = 30 V)
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(b) Converter waveforms for 20 output loading
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For the effect of gap separation, the main diffeeeappears in the inductor currésnt
The current’'s magnitude is largest at a gap saparaf 20 mm, due to the increase of the
magnetization current when coupling coefficikig smaller. Such difference is becoming

significant when output load, is large.

In Figure 4-3, when supply voltad&, is 30 V, the switching frequency is close to the
resonant frequency. The secondary curteig in phase with the primary sidgs waveform.
In Figure 4-4, when supply voltad§&, is 45 V, the duty ratio of the phase-shifted fudidge
converter is reduced to deliver the same powel tevine secondary side. As a result, a
higher switching frequency is set by the controjdan order to meet the ZVS condition.
This higher frequency generates additional phasebs&tween the primary voltagéy and
the secondary currehy The distortion in the secondary currénat output loading of 48
is due to the changing of conduction path for tiieldridge diode rectifier when currehfis

changing its polarity.

4.2 Output Voltage Transient Response

For the transient load responses, Figure 4-5 shimsveeasured results of the
transcutaneous power regulator undergoing min-toddi-load and full-load-to-min-load
changes aty = 30 V and gap separation of 10 mm. It can be Hesrthe output voltage
can be recovered within 40 ms. By using the dyndaoad transient control, the secondary
output almost returns to its normal level withifear ms. Afterwards, the PI control takes
over and the output voltage slowly converses tditte level. This is the typical response
timing for control systems with unity-gain bandwidif 30 Hz. For better system response
timing, the control loop bandwidth has to be widkrtidowever, since there are rechargeable
batteries and other stages of power regulationeas¢condary side of the artificial heart

control system, the current converter response simoeld be acceptable.

It is undesirable for further speeding up of theaiyic control part of the output
voltage response because the system may beconablen$ior the Pl response, the response

time may be reduced by the following actions:

1. Increase the unity-gain bandwidth by using a smallee output capacit@@,. The

double-pole position of the open-loop transfer figrtis proportional to/]/

V(L1+ LZ)CO .
If the output capacitance is reduced from g86Go 100uF, then the new double-pole
position will be at 1.7 kHz, and a new unity-gaanidwidth can be designed at 50 Hz.

This is not a big improvement, though the systespoase will be faster.
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2. Replace the PI algorithm by a faster control athoni such as non-linear control,

fuzzy or neural control algorithm.
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Figure 4-5: Output voltage response during loadsient,V,y = 30 V,k = 0.51
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(a) Output voltage during transformer gap sepanatiith variation
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Figure 4-6: Output voltage variation during tramgfer gap movement
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4.3 Frequency Tracking With Moving Gap
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Figure 4-7: Output voltage when no frequency cdmséranade during gap movement

Figure 4-6 shows the output voltage waveforms (upee) when the transformer
gap is varying between the separation width of h®@ amd 20 mm. The lower trace is the
primary current, waveform. The waveforms are taken under full-loaddition and the gap
movements are driven by a dc motor. One complgtaradon movement between 10 mm

and 20 mm (and then moving backward) takes 4 second

By changing the transformer gap separation frormft®to 20 mm, the coupling
coefficient varies from 0.51 to 0.32. The correspog series connected compensation
networks will have the resonant frequency shiftedf377 kHz to 321 kHz in 2 seconds,
and then shifted back from 321 kHz to 377 kHz inther 2 seconds. The correction of the
resonant frequency change is done by the PLL clpmttoch updates the PWM switching
frequency according to the phase error betweeprih@ry current and the PWM
switching waveform. As seen from Figure 4-6, thgpativoltage variation is limited to
within £0.5 V for the whole testing period, thedreency tracking control can be regarded as
successful. At the same time, there is no visiblgation in the amplitude of the primary
currentlp waveforms. As a comparison, Figure 4-7 shows thput voltage waveform with
the same dc motor driving the transformer gap tianabut the PWM and frequency control
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functions are disabled. There is a 7 V peak-to-pedgut voltage variation, and this

amplitude is much larger than that under frequarzyrol.

4.4 Converter Efficiency
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Figure 4-8: Measured converter efficiency

The measured efficiency of the regulatoWgt= 30 V and 45 V for different
transformer gap separations are shown in Figurelde@8n be seen that the power converter
can maintain its power efficiency for gap separats large as 20 mm. For applications of

the power supply in artificial hearts, the powegueement is from 15 W to 35 W, and the
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power regulator attends the highest efficiencythiis range. The design of our power
converter can deliver an output power up to 60 Wctvprovides additional margin for
extra power consumption requirement inside the mubwaly. Another reason for the
additional power margin is for exception handlidhen materials or devices with magnetic
properties are placed near-by, there may be disoof the magnetic field generated by the
primary side of the transcutaneous transformer.distertion in the inductive linkage will
weaken the power transfer capability of the corareand a higher output power from the

primary side is needed.

4.5 Loss Analysis

Six major types of losses can be identified intthascutaneous power regulator:

(@) Forward diode voltage drop (x2) in the fulldge rectifier circuit at the secondary:
The rectifier converts the ac resonant voltage tiwodc output voltage. Since two

diode forward voltages are involved, this is a Bigant part of the power loss.

(b)  Conduction loss in the current flowing patheeTeries resistances in the primary
path are the MOSFETIiss(n resistance (x2) in the full-bridge power MOSFHTs,
ESRs in the primary inductor coil and in the restrtapacitoiCp. Within a switching
time period, current will flow through the anti-pdlel diodes across the associated
MOSFETs under some operating modes. More detailpldations are given in the
calculation of part (c) power loss. The changeufent path will affect the
conduction loss calculation. However, since the MB¥'s rpsn resistance is
relatively small, for simplicity, it can be assuntédt two MOSFETSs are on for the
whole cycle period. For the secondary path, thieseesistances are the ESRs in the
secondary tank circuit,s andCs. The secondary current path also includes theediod
bridge, but the loss is already included in paridas, so it is not included here to
avoid duplication. In the power supply, the outimaid is in the range from 9 to
48 Q, which is small in resistance value. In order iaimize the power loss, care

should be taken to reduce the current path sexgstances.

(c) Power losses in the primary current flowingotigh the anti-parallel diodes across the
power MOSFETSs in the full-bridge circuit: This ispecial form of conduction loss.
When the associated MOSFET is off or when curefibiving in the reverse
direction, the anti-parallel diode will conductng&e the forward diode voltage drop is

larger than the MOSFETissn) voltage drop, it is calculated independently.
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(d)

(e)

(f)

Switching loss in the power MOSFETSs: Theretara-on switching losses and turn-
off switching losses for all four MOSFETS, and thtal switching loss is proportional
to the switching frequendy. Due to ZVS at turn-on and snubber effect by tH@3M

capacitances at turn-off, the switching losses leean tuned to a minimal value.

Output capacitor’'s ESR loss due to AC currkwfThe current to the output load is
a dc current of magnitude, but the current in the secondary path is an aectof

%|Osin(¢d) and the output capacitor will provide the curmhich is the difference

between the two currents. There is in-flow andfaw of current within one
switching cycle. When there is ESR in the outpyiacitor, there will be power loss
due to the\l, flow.

Hysteresis loss in the transformer coils wheagnetic material such as ferrite is used
as core in the wiring: Due to nonlinear B-H resmgopsoperty of the magnetic
material, extra energy is required to generatenapbete sweep of the B-H curve. The

hysteresis loss is given by
Physt = kh VC fS (Bmax)2
wherek; is the hysteresis loss constant for the material,

V¢ is the volume of the core (én
fs is the switching frequency (Hz), and

Bmax IS the maximum excursion of the operating fluxsign

In our system, air core transformer coils are uaed,there is no hysteresis loss.

For the part (a) loss, it is assumed that theralavays two diodes being biased at

forward direction and their forward voltagé-) drops are constant and equal/toat output
load current. According to datasheet of Vishay'©F10 schottky rectifiel/r at 0.5 A (25°C)
is 0.35V, and/r at 2.5 A (25°C) is 0.45 V.

Power loss at 0.5A=(0.35x2)x0.5=0.35W

Power loss at 2.5A=(0.45x2)x25=225W

For the part (b) losses, according to datasheati$tiay’s Si7852ADP N-channel

MOSFET, thepsn resistance is 17 ¢ For other parts of the calculation, they are

dependent parameters of the switching frequencytfadoupling coefficient. So,

calculation will be done for two separate caseshdnfirst case, for 10 mm transformer gap
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separation, when the coupling coeffici&ntalue is large, the circulation currdpts small,
but the resonant frequency is close to 400 kHthénsecond case, for 20 mm transformer
gap separation, with a larger valuekpthe circulation currerit is large, but the resonant
frequency is close to 300 kHz. The measured ESR&éaransformer coils at 300 kHz and
400 kHz can be found in Table 3-4, and the resoinagtiencies corresponding to gap
separations of 10 mm and 20 mm are 377 kHz ankB21respectively. It is assumed that
the actual switching frequency is 2% above therrasbfrequency, and switching
frequencies of 384 kHz and 327 kHz are taken ferlfh mm and 20 mm transformer gap
cases. As seen from Table 3-4, the equivalentsseggstance (ESR) in the inductor coll
increases by more than 20% from 300 kHz to 400 krdd, the interpolation by log scale is
used to calculate their resistance values ancethdts are tabulated in Table 4-1. For 10 mm
transformer gap separation, the switching frequénegsumed to be 384 kHz, and the

primary and secondary current path series resistaae
Rog =17+566+2x17=617mQ
Reee = 20+ 394= 414mQ

For 20 mm transformer gap separatiins assumed to be 327 kHz, and
Rog =19+ 496+ 2x17 =549MQ

Ryce = 22+350= 372mQ

Table 4-1:  Series Resistances for Resonant TankpGoemts

327 kHz (20mm gap) 384 kHz (10mm gap)
Ce 19 MmO 17 mQ
Cs 22 m 20 m
Lp 496 nf2 566 n1)
Ls 350 nQ) 394 nQ)
Lm 10.81uH 17.07uH

At the secondary side, the circulation ac curremelated to the output load current by
[133]

IS(rms) :Tjélo (41)
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and the conduction loss at the secondary currghtipa

2Reellopns” = I R 1 (42

The primary circulation current can be approximdigdhe current close to the

resonance condition. Using a scale factodﬁfn for ac voltage to ac (rms) voltage
conversion, the real part and imaginary parts efat voltage as seen by the transformer

secondary (without thie, leakage inductance) are

Y8

VSJ :? Vo + ZVF)+ RSECDS(rms)
_+8
Vv, + 2V,
Vot 2 )+ RSEC w3
:\/g(l.pRSEC}/ +£V
n Re
Vy, = 276L, - 1 . 227fL, = AL, (4.4)

27fCg
whereR: is the effective ac load resistance, ahds the difference between the switching
frequency and the secondary resonant frequencydltegge across the transfornigy

terminal at the primary is

1

Vin =2 Vs, ? +Vs,? (4.5)

m

Assuming that thé&y terminal current is 90° out of phase with the seleoy current,

the conduction loss at the primary current pathlEanalculated as

1 v, Y Vo, " +Vs,*  n?r (4.6)
2RPRI EE(C‘LMJ +(nls(rms))J RPRIEE [(Zn‘L ) + 3 Ioj

For transformer turns ratio= 29/30 = 0.9667, the results of the estimateahgry current

and the corresponding losses are shown in Table 4-2

The part (c) anti-parallel diode conduction lossalsulation is based on the
waveforms shown in Figure 4-9. Under operating mddiand 5Vs = 0, the left and right
legs of the full-bridge are tied either both to glyproltageV,y or both to the ground level.
One of the full-bridge legs will have reverse catribowing through it. So, one anti-parallel
diode is conducting. Under operating modes 3 arded¢urrent itself is negative. Thus, two
anti-parallel diodes are conducting. Since the pdasses are the same for operating modes
2 and 5, and also for operating modes 3 and 6, tardyoperating modes calculations are

required.
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Figure 4-9: PSFB PWM operating modes for resonanverter [148]

The magnitude of the primary currdathas been calculated in part (b), and the
conduction angle for each operating mode can berodat by waveforms captured by the

oscilloscope. The power loss for operating mode 6 i

1 . /|
P :;L Z\/FIP,pksmédH:%(l—cosﬁ) (4.7)
The power loss for operating mode 5 is
1 s+ . Vel
P, :;L WVFIP'pksméde:%“"k(cosﬂ—cos(ﬁ+¢)) (4.8)

For the part (d) switching losses, since the ZVi&ddmn is automatically set when
the switching frequency control algorithm is takimgion, all four MOSFETSs are assumed to
be turned on at zero voltage (diode forward voltdgim reality), and the turn on switching
losses can be neglected. At turn off, the voltaggof all four MOSFETSs are kept at low
voltage level by the parasitic capacitances andithm-source voltage rises only after the
MOSFETSs are in the off state. So the MOSFETS' nifrlosses are all small. In summary,
due to ZVS condition, the turn on losses are smallf due to the holding of MOSFE W5

during the turn off period, the switching off loss&re also small.

For the part (e) output capacitor ESR losses, thneeploss can be calculated as

17 T . 2 2
Prsr= 7_1__[ rESRDoz[ZSIHH —1j dé = rEsRl:IOZ[8 —1} (4.9)

0
wherergsris the equivalent series resistance of the ougpécitor, and is the DC output
load current. In the power supply design, PanasBeites FC type (low ESR type)
aluminium electrolytic capacitor (330, 50 V) was selected as the output capacitorttand
impedance at 100 kHz is 0.068 The results of power loss calculation are shawhable
4-2.
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Note that in Table 4-2, the percentage figurefiénpgarentheses are relative to the
output load power, not the total input power (g P Loss). The loss calculations are done
for other loading values, and the results are shiavidigure 4-10. It can be seen that the
estimated power losses are generally lower thamtesured power losses by 1% to 2%.

The additional losses may be due to the followaxgdrs:

® The calculation done here does not take the thesffedt into consideration. When the
power regulator is being heated up, the forwardelieoltagevr will decrease but the

series resistance of the inductor coils will insea

® The parasitic capacitances and wiring resistand@eprototype board will induce

additional losses to the power regulator.

® Both primary and secondary inductor currents aserasd to be sinusoidal, but their
actual waveshapes are non-ideal. This means tha éne higher frequency harmonic
components in the flowing current, which will inamore power losses because the Litz

wire ac resistances are higher at higher frequencie

® Another source of inaccuracy of the error estinmatiomes from the deviation from the
ideal resonant frequency operation. In reality,aWwiching frequency is higher than the
resonant point, and this off-resonance conditidhdeigrade the quality factor of the

resonant tanks.

Disregarding the under-estimation of 1% - 2% of poilesses, the estimated power
efficiency curves at two different gap separatifoti®ow closely the measured efficiency

curves.
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Figure 4-10: Loss analysis of the transcutaneouwsepoegulator a¥y = 30 V and two

different gap separations
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Table 4-2:

Power Losses Calculation

R.=9.62 (60W) R =482 (12W)
Gap = 10mmfs = 384 kHz
Primary currentpms 2.75A 0.79 A
Secondary bridge diode loss 2.250 W (3.75%) 0.35@282%)
Primary conduction loss 2.336 W (3.95%) 0.191 Vo%%)

Anti-parallel diodes power loss
Secondary conduction loss
Output capacitor ESR loss

Total estimation loss

Measured power loss

0.078 W (0.13%)
1.596 W (2.65%)
0.092 W (0.15%)

6.352 W (10.59%)

7.272 W (12.12%)

0.085 W (0.71%)
0.0640\850%)
0.00D\V%)

0.693 W 1567

0.834 W (6)95%

Gap = 20mmfs = 327 kHz
Primary currentpms
Secondary bridge diode loss
Primary conduction loss
Anti-parallel diodes power loss
Secondary conduction loss
Output capacitor ESR loss
Total estimation loss

Measured power loss

2.90 A
2.250 W (3.75%)
2.308 W (4.06%)
0.094 W (0.16%)
1.434 W (2.39%)
0.092 W (0.15%)
6.178 W (10.30%)

7.751 W (12.92%)

1.18 A
0.35@82%)
0.381 \Vi24%0)

0.216 W (1.80%)
0.05DMBY)
0.00D\W3%)
1.0084 \W@86)

1.235 W (26)29

From Table 4-2, it can be seen that the curreit paduction losses and diode

forward voltage drops in the secondary full-bridgetifier circuit are the two major losses in
the regulator. In order to further improve the poe#iciency, these losses are the focus of
attention. The system efficiency can be improved$ing synchronous rectifiers to replace
the full-bridge rectifier. The voltage draf is 0.35 V (x2) for 0.5 A output current and 0.45
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V (x2) for 2.5 A output current. If the total vaffa drop can be reduced to 0.1V, then the
power efficiency can be improved by 2.5% (0.5 AJ 0% (2.5 A). For the conduction loss,
the amplitude of the secondary side current igifixg the output load current. Thus, very
little improvement can be done on the secondawy, §idt for the primary side, the primary
currentlr may be reduced by using a higher transformer tati.
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Chapter 5 Conclusion

5.1 Summary

In this thesis, detailed design procedures foamasttutaneous power regulator with
high efficiency are presented. The theoretical afeg principles are introduced, and the
system design using digital signal processor (D8R primary side controller and an 8-bit
microcontroller at the secondary side is given. @drmalgorithms for switching frequency
adaptation and output voltage regulation are gilreonrder to give fast response to load
transient, a special control algorithm is addethensoftware with only primary current
monitoring. With the help of this transient contritle secondary output voltage can be

recovered in a short time.

A phase-shifted full-bridge (PSFB) circuit is usegithe driving circuit, which can
achieve ZVS turn on for all MOSFET drivers. Doubl@ed resonant circuits are used to
compensate for the leakage inductances in thedugarseous transformer for best power
transfer through inductive coupling at high freqtiea (300 kHz to 400 kHz). Power losses
are minimized by using Litz wires for the transf@maoils and rectifier diodes with small

forward voltage drop.

A SPICE macromodel is developed for the power ggulcircuit, and it provides fast
simulation of the system. Based on the SPICE magdemthe open-loop response of the
TET circuit is obtained and a digital Pl closedpamntrol is derived for stable output

voltage regulation.

5.2 Contributions

A new control method is utilized for transmissidritee secondary output voltage
information using the same transformer for powet imformation. While other analog
solutions need multi-chips for a complete systesigte (i) PWM control, (ii) PLL
frequency tracking, (iii) analog comparator foramice current level trigger, and (iv) extra
hardware for secondary voltage sensing, the soluescribed in this thesis uses only a
single-chip DSP to implement all functions, resigtin a simpler hardware design. The
frequency band in the range of 20 kHz to 30 kHzsied for information transmission with

frequency modulation. A summary of the major cdmitions is as follows.
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1. By introducing a SPICE macromodel for fast simwlatof the double tuned resonant
circuit, construction of system response curvesheaperformed conveniently to assist
the design of the control for voltage loop stapilithe SPICE macromodel also helps
the selection of signal tone frequency band foosdary voltage information

transmission.

2. All complex functional modules, namely, PWM contmLL frequency tracking and
DSP tone detection, have been integrated intoghesthip DSP. This results in a

simple hardware solution for the transcutaneousspeegulator design.

3. Apractical solution for secondary voltage feedblaak been proposed and confirmed

by hardware implementation.

4. Aloss analysis has been performed, which provedgsod approximation of the
system losses for wide load ranges. The conduligmand the rectifier full-bridge

forward voltage drop have been identified as the nvajor losses in the system.

5.3 Suggestions for Future Work

Further research works can be done for the traaseotis power regulator design,

particularly for the artificial heart systems. Sosuggestions are listed below.

5.3.1 Simpler Control Algorithm — No PWM Control

In order to achieve full system control at the @iignside, a complex control software
program that integrates (i) switching frequencytomrwith PLL algorithm, (ii) output
voltage regulation with tone signalling, (iii) Abarithms for control-loop stabilization, and
(iv) output voltage transient control, is neededrdal situations, there are rechargeable
batteries at the secondary side circuit that aces lauffer to the coupled output voltage
fluctuation, and the 24 V output voltage will bether down converted to a lower voltage
for driving the motor pump and the heart contrafigstem. Thus, the sole responsibility of
the primary controller in the power transfer devié track the resonant frequency of the
double-toned system and to make sure that poweansferred to the secondary side at

maximum efficiency.

A simpler control algorithm can be used in the sgatem design (which may not be
called power regulator) such that no secondaryutwpltage regulation is necessary. Full
duty ratio (i.e., no PWM control) will be used fachieving the best power transfer ratio.

Also, the phase information in the primary currentill be used for switching frequency
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control. Since there is no need for periodic seaondutput voltage information, the 20-30
kHz frequency band can be used as information aidanthe artificial heart controller.
Such information includes body temperature, hegat bate, blood flow rate, and other
patient’s body status information. Additional infzation includes the rechargeable battery
status and the output voltage level. All theserimi@tion can be transmitted at a much lower
rate than the original output voltage informatisa,the current channel bandwidth is
sufficient for practical application. With carefiiésign, a two-side communication channel

can be built.

5.3.2 Data Logging with PC and Search for Better ControlAlgorithm

The primary controller DSP in use has a hardwar&U#odule for serial
communication with a computer or PC. The statusrmétion of the control software can
thus be sent to the PC side for data logging. Aimépation algorithm such as a genetic
algorithm and neural network control method maybed to search for alternative

algorithms for better system response and bettiéchswg frequency tracking.

The transcutaneous power regulator is actuallyrdimear system with switching
frequencyf,, duty ratioD, coupling coefficienk, and input voltag®y as parameters. This
nonlinear system may be transformed into a lingstesn by means of state feedback and
nonlinear transformations. After feedback lineditaa a system can be dealt with by linear
controller design. Feedback linearization by mez#nweural networks which allow the
identification of nonlinear models without the cdioated and costly development of
models based on physical laws is a possible appré@e practical implementation, a
dynamic or recurrent neural network, which hasrdrerent property to mimic nonlinear

dynamic systems, may be a promising candidate.

5.3.3 AC Input Power Regulator

For much of the literature on the design of aiiiteart power regulators, the
systems are designed for DC-DC operation, andnihat iside is a regulated dc level.
However, for day-to-day operations, input powenfrithhe ac mains is unavoidable. The
voltage provided by the pre-regulator is high (elts 400 V DC), and this voltage level may
not be suitable for direct use. Also, componentk Wigh breakdown voltage are expensive
and theirpgn Or ESR resistances are usually high. Althougtptimeary transformer coil is

placed outside the human body, it is still in towdth the patient’s skin. Thus, an isolation
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transformer between the ac main and the primaty ¢anuit is required. The isolation
transformer may be used to step down the pre-reglisltage to 80 V — 100 V. At this
range of input voltage, it is easier to designdiaving MOSFETSs. At the same time, the

transcutaneous transformer may be designed wittiagddeatures that enhance the power

efficiency:

The turns ratio will ben: 1, wheremis between 2 to 3. In this case, the secondaty coi
will consist of fewer turns and it can be constedctor smaller size. For the primary
coll, it will have more turns in the wiring. A snhedl secondary coil is more favourable

since it is implanted inside the human body.

A smaller coil implies a smaller series resistaacel less heat loss will be generated
inside the human body. For the primary side, thiksanductance will increase due to
the increase in the number of turns, so will tlduttancd . At the same time, the
conduction loss at the primary side may decredse s€condary circulation current is
fixed by the output loading condition, and a smgbemary circulation current
(reduced by a ratio af) will be seen. Meanwhile, the effective voltageoss the
inductancd.y will also be reduced by a factor wf and the currert,, will also

decrease.

The primary DSP controller may also be functione@ @ower factor controller (PFC),

and a single chip solution for the primary sidedwaare control is possible.

5.3.4 Testing with Non-Resistive Load and Battery Chargig

At the secondary side of the artificial heart systéhere is a mechanical mini-pump

that circulates the blood flow inside the humanybdthe blood flow rate is regulated by the

heart controller. Since the pumping operations hree different load current behaviours

that are different from a resistive load, a dethgudy on the pumping load and the primary

current phase shift relationship is necessary.primeary controller should properly control

the switching frequency so that it is close torgwonant point under all loading conditions.

Besides, there are rechargeable batteries at tbadary side of the whole artificial heart

system, and the charging of the secondary battagyahange the control mechanism at the

primary side.
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5.3.5 Secondary Side Rectification and Tone Signalling usy Synchronous

Rectifiers

As seen in the power loss analysis (Section 4é)farward diode voltage drop in the
secondary side full-bridge rectifier circuit acctaifor 2 — 3% of power loss in the TET
system. This will generate a lot of waste heatd@she human body. The power loss can be
minimized by using synchronous rectifiers to repléee functions of the full-bridge circuit.
Besides, the hardware system is now sending tledacy side output voltage to the
primary using a 0.1 V square pulse tone signaldgg a 60:1 coupling transformer. By a
proper ‘on’/’off’ control of one of the synchronousctifiers, the same ac tone signal can be

generated without the coupling transformer.

Furthermore, since an artificial heart system allo transmit data telemetry
information at periodic time intervals, the tongrsilling protocol may be improved to add
time interval for extra information transmissiohtie UART serial link software for
communication between the primary side DSP andsR©©mpleted, then the information
received from the system secondary can be displaydde PC in real time to show the data
logging function. In addition, an ECG measureménaiuit can be built using the hardware
resource from the secondary side controller, anar@ificial heart operating system can be

partially simulated.
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Appendix 1  Circuit Diagram of Primary Side

Controller Board
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Appendix 3 SPICE Circuit File for Line-to-

Output Response Generation (Gap = 10 mm)

TET bode pl ot (k- 10mm bode)

EIE IR R R I R I R I R I R R I R R I R R R R R I I R R R O

*

. param L1=16. 22e-6
. param L2=15. 99e- 6
. param Lnmel1l7. 07e-6
*

. param Rp=12e-3

. param Rs=15e- 3

. param Rm=12e- 3

*

. param Cp=10. 99e-9
. param Cs=11. 09e-9
*

. param Co=330e- 6

. param Resr =10e- 3

*
R b
*

* RL may be 9.6, 20, 30, or 48

*

. param RL=48
*

*kkkk k)%

*

. param Vi n=30
. param VFS=377e3

*

*

* | nput Section

Vfs nfs 0 dc {VFS}

Rfs nfs 0 1Meg

Buws nws 0 v=(2*pi *v(nfs))

Rws nws O 1Meg

Vs ns 0 dc {Vin} ac 1

*Vs ns 0 dc {Vin}

Bis ns O i={4/pi}*sqrt(i(Mir)*i(Vir)+i(Vii)*i(Vii))
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EIE IR IR R 2k S I I kS I O I R R I I O kR R Sk kI R I I O I
* Real part circuit

*

* <Vs-r>=0

Bir nirl O v={L1}*v(nws)*i(Vii)

+ - v(nvr)

Rir nirl nir2 {Rp}

Vir nir2 nir dc O

Lir nir nlmr {L1} ic=0

*

Bivr O nvr i ={Cp}*v(nws)*v(nvi) + i(Vir)

Cpr nvr 0 {Cp} ic=0

Rvr nvr O 1Meg

Bvlinr nlnr nlnr2 v=-{Lnm}*v(nws)*i (Vim)

Vint nlnr2 nlmr3 dc O

Rt nlnr3 nlm4 {Rn}

Lnr nlnr4 O {Ln} ic=0

Bvl2r nlmr nl2rl1 v=-{L2}*v(nws)*i(Vi2i) + 4/pi*v(no)*i(Vi2r)*V(n_ino)
+ v(nvsr)

Vi2r nl2rl1 nl2r2 dc O

Rsr nl2r2 nl 2r3 {Rs}

L2r nl2r3 0 {L2} ic=0

*

Bi vsr 0 nvsr i={Cs}*v(nws)*v(nvsi) + i(Vi2r)
Csr nvsr 0 {Cs} ic=0

Rvsr nvsr 0 1Meg

*
EIE IR R 2k S I I kS S I R R S I O Sk O Sk I Sk R I R Ik I O O I
*

* | maginary part circuit

*

* <Vs-i>=2/pi*Vs

Bii niil O v=-2/pi*V(ns)

+ - {L1}*v(nws)*i (Vir)

+ - v(nvi)

Rii niilnii2 {Rp}

Vii nii2 nii dc O

Lii nii nlm {L1} ic=0

*

Bivi O nvi i=-{Cp}*v(nws)*v(nvr) + i(Vii)

Cpi nvi 0 {Cp} ic=0

Rvi nvi 0 1Meg

*

Bvim nini nlm2 v={Ln*v(nws)*i (VinT)
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Vim nlm2 nlm3 dc O

Rri nlm3 nlm4 {Rn

Lmi nlm4 0 {Lnm} ic=0

Bvl2i nlmi nl2i1 v={L2}*v(nws)*i (Vi2r) + 4/pi*v(no)*i(Vi2i)*V(n_ino)
+ v(nvsi)

Vi2i nl2il nl2i2 dc O

Rsi nl 2i2 nl2i 3 {Rs}

L2i nl2i3 0 {L2} ic=0

*

Bivsi 0 nvsi i={Cs}*v(nws)*v(nvsr) + i(Vi2i)
Csi nvsi 0 {Cs} ic=0

Rvsi nvsi 0 1Meg

*

EIE IR R Sk S I I Ok S S R R R S I Sk O R R I S kR R Ik I S O I
*

* Qut put Section

*

* Bino = Total output current

Bino nino O v=2*sqgrt (i (Mi2r)*i (Mi2r)+i (Vi2i)*i(Vi2i))
Rino nino 0 1Meg

*

Bl ino n_ino 0 v=1/(V(nino)+le-2)

Rl _ino n_ino 0 1Meg

*
*kkkk*k

*

Bio 0 no i=2/pi*V(nino)
Ri 02 no 0 1Meg

*Vac no no2 0 ac 1

Vac no no2 0 dc O

Ro no2 0 {RL}

R esr no2 nesr {Resr}
Cout nesr 0 {Co} ic=0

*
EE R R I O I I R R I R R R I R I R R I R R I O R

*

.option itl4=100 chgtol =1. Oe-28
.option nethod=gear

*

.ac dec 100 1 100k
*

.end

.control

shell tinme /t
*destroy all

set units=degrees
run
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shell time /t

*

* Command sequences:

* 1. source k-10nmm bode.o.cir
* 2. plot vdb(no) vp(no)

*

. endc
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Appendix 4 SPICE Circuit File for Ip

Response Generation (Gap = 20 mm)

TET I p response bode pl ot (k-20mm | p)

EIE IR R R I R I R I R I R R I R R I R R R R R I I R R R O

*

. param L1=22. 30e-6
. param L2=21. 99e-6
. param Lnmr10. 99e- 6
*

. param Rp=12e-3

. param Rs=15e- 3

. param Rm=12e- 3

*

. param Cp=10. 99e-9
. param Cs=11. 09e-9
*

. param Co=330e- 6

. param Resr =10e- 3

*
R b
*

* RL may be 9.6, 20, 30, or 48

*

. param RL=9. 6
*

*kkkk k)%

*

. param Vi n=30
. param VFS=321e3

*

*

* | nput Section

Vfs nfs 0 dc {VFS}

Rfs nfs 0 1Meg

Buws nws 0 v=(2*pi *v(nfs))

Rws nws O 10Meg

*Vs ns 0 dc {Vin} ac 1

Vs ns 0 dc {Vin}

Bis ns O i={4/pi}*sqrt(i(Mir)*i(Vir)+i(Vii)*i(Vii))
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EIE IR IR R 2 Sk I I O kS S I R R S I I Sk O Rk Sk R I R Ik I S O I I
* Real part circuit

*

* <Vs-r>=0

Bir nirl O v={L1}*v(nws)*i(Vii)

+ - v(nvr)

Rir nirl nir2 {Rp}

Vir nir2 nir dc O

Lir nir nlmr {L1} ic=0

*

Bivr O nvr i ={Cp}*v(nws)*v(nvi) + i(Vir)

Cpr nvr 0 {Cp} ic=0

Rvr nvr O 1Meg

Bvlinr nlnr nlnr2 v=-{Lnm}*v(nws)*i (Vim)

Vint nlnr2 nlmr3 dc O

Rt nlnr3 nlm4 {Rn}

Lnr nlnr4 O {Ln} ic=0

Bvl2r nlmr nl2rl1 v=-{L2}*v(nws)*i(Vi2i) + 4/pi*v(no)*i(Vi2r)*V(n_ino)
+ v(nvsr)

Vi2r nl2rl1 nl2r2 dc O

Rsr nl2r2 nl 2r3 {Rs}

L2r nl2r3 0 {L2} ic=0

*

Bi vsr 0 nvsr i={Cs}*v(nws)*v(nvsi) + i(Vi2r)
Csr nvsr 0 {Cs} ic=0

Rvsr nvsr 0 1Meg

*
EIE IR IR R 2 Sk S I I kS S I R R S I I Sk O Sk S S R R Ik I O I I
*

* | maginary part circuit

*

* <Vs-i>=2/pi*Vs

Bii niil O v=-2/pi*V(ns)

+ - {L1}*v(nws)*i (Vir)

+ - v(nvi)

Rii niilnii2 {Rp}

Vii nii2 nii dc O

Lii nii nlm {L1} ic=0

*

Bivi O nvi i=-{Cp}*v(nws)*v(nvr) + i(Vii)

Cpi nvi 0 {Cp} ic=0

Rvi nvi 0 1Meg

*

Bvim nini nlm2 v={Ln*v(nws)*i (VinT)

99



Vim nlm2 nlm3 dc O

Rri nlm3 nlm4 {Rn

Lmi nlnm4 0 {Ln} ic=0

Bvl2i nlmi nl2i1 v={L2}*v(nws)*i (Vi2r) + 4/pi*v(no)*i(Vi2i)*V(n_ino)
+ v(nvsi)

Vi2i nl2il nl2i2 dc O

Rsi nl 2i2 nl2i 3 {Rs}

L2i nl2i3 0 {L2} ic=0

*

Bivsi 0 nvsi i={Cs}*v(nws)*v(nvsr) + i(Vi2i)
Csi nvsi 0 {Cs} ic=0

Rvsi nvsi 0 1Meg

*

EIE IR IR R Sk I I O kS S R R R I I I S S R Sk kI R Ik I I
*

* Qut put Section

*

* Bino = Total output current

Bino nino O v=2*sqgrt (i (Mi2r)*i (Mi2r)+i (Vi2i)*i(Vi2i))
Rino nino 0 1Meg

*

Bl ino n_ino 0 v=1/(V(nino)+le-2)

Rl _ino n_ino 0 1Meg

*
*kkkk*k

*

Bio 0 no i=2/pi*V(nino)
Ri 02 no 0 1Meg

Vac no no2 0 ac 1

*Vac no no2 0 dc O

Ro no2 0 {RL}

R esr no2 nesr {Resr}
Cout nesr 0 {Co} ic=0

*
EE R R I R I R I R R R I R O R R I R R I R R I O R

*

.option itl4=100 chgtol =1. Oe-28
.option nethod=gear

*

.ac dec 100 1 100k
*

.end

.control

shell tinme /t
*destroy all

set units=degrees
run
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shell tine /t
*

* Command sequences:
* 1. source k-20mmlIp.o.cir
* 2. plot db(i(Vs))

*

. endc
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Appendix 5 ADC & Comparator Resolution

Requirements

In the hardware circuits, there are three analggads being processed by the primary
side DSP: the dc input voltayf, the peak level of primary curreit,, and the tone
signals from TET secondary (after filtering). Thaeggnals will first be converted by the
DSP’s ADC (analog-to-digital) module into digitaimbers and then be processed by the
software program. For good system performancee taer minimum requirements in the

ADC resolution for each of the analog signals.

Besides the three ADC sampled analog signals,rihepy current waveform is
converted into digital signals by the DSP’s analomparator, and the current level is set by
an on-chip DAC (digital-to-analog converter). Tlesalution requirement for the DAC unit

will be analyzed in this appendix.

Lastly, at the secondary side of the power reguléte output voltage will be
converted as tone signal in the 20 kHz — 30 kHguesmcy band and then transmitted to the
primary side. The ADC resolution requirement of seeondary side controller will also be

analyzed.

1. DC input voltageVn

The dc input voltag¥)y is being combined with the duty rafioto form a (feed-

forward) coefficient for voltage loop control:

1

2V, an{DZ”j

0=

As long as the coefficient value is tracking theatzon of V,y and the duty rati®, no fine

ADC resolution foVyy is required. The minimum ADC resolution will beb8-

2. Peak level of primary currentlp px

The peak level of primary curreht, is mainly used for output loading transient
detection; and for the first phase of transientenirPWM control. There is no need for fine

ADC resolution in the transient detection phaseabse the criteria for load transient is quite
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loose. There is a stricter requirement on the AB$blution during transient current PWM

control since®!e.ex is used as the control parameter for PWM upddte ADC resolution

At
requirement for the (peak) primary currésy will be 9-bit.

3. Tone signals from TET secondary

The tone signals from TET secondary need to beiéecy decoded by Goertzel
algorithm to determine the current output voltageel. Since Goertzel algorithm is actually
a spectral energy calculation function, the acouod¢he waveforms is not important as

long as the sine wave shape is there. The ADCutsplrequirement will be 9-bit.

4. Primary current reference level (for analog comprator)

For the analog comparator, it set the referenceentitevel for conversion of
sinusoidal shape primary currépinto digital waveform. The digital waveform wileb
compared with the starting PWM signal for PLL frequay tracking. In the power regulator,
the amplitude ofp is less than 5 A under all loading conditions ttgofull range ofr is 10
A (from -5 Ato +5 A). According to the graphs afrpary current cutting level in Figure 2-8,
the curve with slowest changing slope is the on&d8ohm output loading. Within the
normalize frequency range from 1.00 to 1.05, theehas at least 1/4 A of current level
variation. In order to achieve a 1% frequency nesmh (i.e. +0.01f¢/f, normalized
frequency), the resolution of current cut leveli20 A and a total of 200 comparator steps is

needed. The DAC resolution for analog comparattirbei 8-bit.

5. Secondary side output voltag¥o

The last analog signal under consideration is ¢oersdary side output voltay®.
The designed output voltage level is 24 V. Thidagé information is converted into 5
voltage bands and the narrowest voltage band 68215 V. Taking half of the voltage
band margin as the ADC resolution requirement,saiting the maximuriy voltage as
35V, then 35/ (0.15/2) = 467 ADC steps are reqlio the ADC resolution requirement
for the output voltag¥, is 9-bit.

In our hardware system, the ADC and DAC modulegHerprimary and secondary
side controllers all have 10-bit resolution, angitlll fulfill the basic requirements for each

of the analog signals under control.
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