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Abstract

This thesis presents a new development in the design of Nuclear Magnetic Re-
sonance (NMR) downhole logging tools for the oil and gas industry and operates
in a high temperature environment. Two main improvements of this tool is
suggested and analyzed in this thesis. They are a new NMR antenna containing a
Faraday shield placed between the antenna coil and the analyzed fluid and an
improved NMR transmitter operating at 175 °C ambient temperature. This is
based on multi-module, multilevel topology, which combines the outputs of se-
veral identical power modules, which operate at a 50% duty cycle at its funda-
mental frequency.

The NMR antenna equipped with Faraday shield decreases the resonant
frequency shift to less than 1%, which makes it possible to perform measure-
ments without engaging a special tuning system for the compensation of antenna
detuning. It was shown experimentally that the implementation of the Faraday
shield makes the NMR echo signal less dependant on the type of the well fluid
being measured. For the multi-module NMR transmitter, a method of DC/AC
conversion based on the multi-vector synthesis of the sinusoidal voltage with
sequential elimination of the higher harmonics in the output voltage was used.
This was done in order to decrease the power dissipation occurring in the reso-
nant loads.

The present study reevaluates the prior investigations of a silicon
MOSFET’s drain-to-source resistance (Rason) in a temperature range of up to
200 °C as a function of the temperature and the drain current (/5). An improved
Rason behavioral model in which Ryson and power index (P) of Rgson dependence
on the temperature proposed as a function of I3 was tested and validated for the
temperature range from 25 °C to 200 °C.

The multilayer X7R type capacitors, used as the high power NMR transmit-
ter’s filters, were investigated for excessive losses and ways to mitigate these
losses were suggested. It was demonstrated that these capacitors behave as pie-
zoelectric resonators when biased with DC voltage and that their mechanical
resonances increase the capacitors’ losses and propability of failure.

The multimodule NMR transmitter, which uses a combination of the fixed
phase shift method for the cancellation of the higher harmonics an increase of
the NMR tool signal to noise ratio and NMR transmitter life expectancy. The
higher harmonics cancelation in the multimodule NMR transmitter was valida-
ted experimentally by testing transmitters with different topologies.



Reziumeé

Siame darbe pateikiamas naujas branduolinio magnetinio rezonanso (BMR) jtai-
sas, skirtas giluminei naftos ir dujy paieskai, veikiantis aukstose temperatiirose.
Pasiiilyti ir iSanalizuoti du pagrindiniai Sio jtaiso patobulinimai. Tai — nauja
BMR antena, sudaryta i§ Faradéjaus ekrano, sumontuoto tarp antenos rités ir
analizuojamos aplinkos, ir BMR siystuvo DC/AC keitiklis, veikiantis iki 175 °C
aplinkos temperatiiros. Sis keitiklis turi daugelio moduliy topologija, kuri sujun-
gia keleta identisky maitinimo moduliy, veikian¢iy 50% darbo ciklu nuo savo
pagrindinés dazniy harmonikos.

Faradéjaus ekranas, jrengtas BMR antenoje, sumazina rezonansinio daznio
pokytj iki 1 %, todél matavimus galima atlikti, nenaudojant specialios derinimo
sistemos, atliekancios Sios antenos iSsiderinimo kompensacija. Eksperimentiskai
buvo parodyta, kad Faradéjaus ekrano panaudojimas daro BMR atsako signala
maziau priklausoma nuo grezinio aplinkos elektriniy savybiy. Tobulinant dauge-
lio moduliy BMR siystuvo keitiklj, buvo naudojama keliy sinusoidinés jtampos
vektoriy sintezé, leidzianti panaikinti i$éjimo jtampos aukstesniasias harmoni-
kas. Tai buvo atlikta, siekiant sumazinti energija, i$siskiriancia jtaiso rezonansi-
néje apkrovoje.

Tyrimai, atlikti Siame darbe, leido iS naujo jvertinti silicio MOSFET
tranzistoriy santakos-iStakos varzos (Rason) jautrumg temperatiiros pokyciams
aukstose (iki 200 °C) temperatiirose ir iStakos srovés (Iy) vertei. Pasitulyta nauja
empyriné Rgson priklausomybé nuo temperatiros (intervale nuo 25 °C iki
200 °C), kurioje jskaityta jog Rason ir $ios priklausomybés laipsninés funkcijos
indeksas (P) priklauso nuo /.

Istirti daugiasluoksniy X7R tipo kondensatoriy, naudojamy galingy BMR
siustuvy filtruose, elektriniai nuostoliai ir pasiiilyti biidai, kaip Siuos nuostolius
susvelninti. Buvo parodyta, kad X7R tipo kondensatoriai elgiasi kaip pjezoelekt-
riniai rezonatoriai, jeigu prie jy yra prijungiama pastovi jtampa. Sis mechaninis
rezonansas padidina kondensatoriy suirimo tikimybe.

Daugelio moduliy BMR siystuvo keitiklis, kuris naudoja fiksuoto fazés pos-
linkio metoda, sumazinantj aukstesniy harmoniky jtaka i$éjimo signalui, leidzia
padidinti signal-triukSmo santykj ir BMR jtaso darbo trukme. Aukstesniyjy har-
moniky jtakos sumazinimo galimybé daugelio moduliy BMR siystuvo keitiklyje
buvo patvirtinta eksperimentiskai, tiriant jvairiy topologijy BMR siystuvus.
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Notations

Symbols

a, — is a total phase shift of module number m;

a, — is a phase shift angle needed to cancel harmonic number #;
A.m2 — is the surface area in cm sq. of the component;

B, — is the induction of the permanent magnet in the sensitive area;
B, — is the high frequency magnetic field used for proton tipping;

Cm — is the binary code assigned to module m, it equals module number m minus one;
E, — is the apparent activation energy;

fi. —is the Larmor frequency;

y —is the gyromagnetic parameter;

I4 — is the value of the drain current;

I, — is the value of the current of harmonic number #;

I — is the value of the test current;

k —is Boltzmann’s constant;

K, — is the ratio of Ryson measured at 150°C to Ras, measured at 25°C;
M, — is the magnetic moment of the polarized protons in sensitive volume;
M, — is the normalized drain current;

m — is the module number in the multimodule transmitter;

n — is the number of the harmonic;

N, — is the number of experiments used for statistical averaging;

P4 — is the power index in expression of Ryson;

Ppoise — is the power of the noise in NMR receiver;

Pw — is the power in mW dissipated by componenet;

Psigna1 — is the power of echo signal in the NMR receiver;
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Py, — is the power dissipated in MOSFET switch of the NMR transmitter due to con-
duction losses;

P.— is power in K; vs. maximum drain voltage rating dependence;
P, — is the total porosity;

Ryson — is the MOSFET drain-to-source resistance;

Ru — is thermal resistance K/W;

T, — is the duration of the tipping pulse;

t, — is the expected lifetme;

6 — is the resulting tipping angle at the end of the tipping pulse;
T, — is the longitudinal relaxation time;

T, — is the transverse relaxation time;

Thann — is the duration of the Hann pulse;

T, — is the ambient temperature;

T; —is the MOSFET junction temperature;

Q — is the quality factor of the antenna resonant tank;

V, — is the antenna peak voltage;

V,, — is the bulk volume;

V4 — is the drain-to-source voltage drop;

Vg — is the grain volume;

Vg — is the bus voltage of the transmitter power modules;

Ving — is the MOSFET maximum drain voltage rating;

Vi x — is the value of the fundamental harmonic after cancelling of first £ higher harmo-

nics;
V,, — is the amplitude of harmonic number #;
1713g — is the lagging vector;
l71ead — is the leading vector;

Vout — is the combined;

¢ — is a variable angle between leading and lagging vectors;

@ref — is phase shift between the reference and resulting output signal;
@, — is the vector array phase shifts.

Abbreviations

ADC — Analog-to-Digital Converter;
AF — Accelerator Factor;

CPMG - Carr-Purcell-Meiboom-Gill series of 90 deg tipping and 180 deg refocusing
pulses used in spin-echo NMR;

DC/AC — Direct Current to Alternating Current;
EMI — Electromagnetic Interference;
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ESR — Equivalent Series Resistance characterizing total losses in the capacitors;

FID — Free Induction Decay;

FFT — Fast Fourier Transform;

LTSpice — Linear Technology electrical schematic simulation software;
LWD — logging while drilling

MOSFET — Metal Oxide Field Effect Transistor;

NMR — Nuclear Magnetic Resonance;

PAPS — Phase Alternative Pulse Sequence;

PWM - Pulse-Width Modulation;

RMS — Root-mean-square, effective value of voltage or current;
SP-PWM — Phase-Shift Pulse Width Modulation;

TE — time between refocusing 180° () pulses in CPMG series;

TW — the polarization time;

ZVS — zero voltage switching;

X7R — type of ceramic used for multilayer capacitors widely used for filters.
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Introduction

Problem Formulation

The depletion of shallow light oil and gas land deposits as well as increased con-
sumption of these valuable energy resources has led to higher prices on the
world market, despite the fluctuations that are motivated by political factors. The
present intention of replacing fossil fuels with reneweables is facing difficulties,
however. Thus the sharp increase of the cost of drilling, especially from plat-
forms at sea and from special ships, requires an increase of the drilling speed as
well as the speed and accuracy of the measurements taken of the parameters of
perspective oil/gas fields, which is called “well logging”. The main task of such
“logging” is to determine the presence and locations of hydrocarbons and their
characteristics such as viscosity and rock formation porosity. This is used for the
evaluation of the total field, the determination of the extractible oil/gas deposits
and the expected productivity of such wells. The classic method of evaluating
rock formation samples makes sense only in exceptional cases because of their
lengthy retrieval process and resulting high cost. Therefore, the use of indirect,
mainly electro-physical methods, which are more reliable and accurate, is pre-
ferred.

Significant advances have been made recently in application of Nuclear
Magnetic Resonance (NMR) technology for the exploration and evaluation of oil
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2 INTRODUCTION

and gas fields. These NMR downhole logging tools are capable of detecting and
differentiating formation fluids, such as free water and oil. They can also diffe-
rentiate gas from oil in hydrocarbon bearing reservoirs. This method is useful
when other methods fail to give complete answers. However, the application of
NMR technology requires the development of unique power electronic devices
able to operate at high ambient (up to +175 °C) temperatures and at pressures
over 2,000 atm in formations having a wide range of electrical properties. For
this reason, there is a need for a tool capable of performing direct, continuous
flow downhole NMR measurements, which can be used to enhance the quality
and reliability of the formation evaluations, that previously had been obtained
using other techniques.

Importance of the Thesis

Usually the NMR tools used for well logging operate within a gradient field.
This means that the volume which responds to the antenna excitation at Larmor
frequency is only a thin layer inside the formation. With an increase of tempera-
ture, the magnet flux of permanent magnets decreases and corresponding Lar-
mor frequency layer simply moves closer to the magnet. As a result, the total
volume being registered by spin-echo NMR signal is very small. In order to
increase this volume, it has been suggested that the fluid samples passing
through the central dielectric tube surrounded by the strong permanent magnet,
which creates a homogeneous field in the tube, be analyzed. As the homogene-
ous permanent field and proper antenna would be able to excite the whole volu-
me of the sample, this would provide a significantly higher signal to noise ratio
and thus increased accuracy. In such case, however, changes in the electrical
parameters of formation can unpredictably affect the tuning of the RF antenna,
which needs to be in resonance with the spin-echo NMR signal. For this reason,
it is necessary to use special means in order to compensate for the detuning of
the antenna.

A very important part of such NMR downhole logging tools is a transmitter,
which is high frequency DC to AC converter loaded with a resonant NMR an-
tenna. Due to the harsh conditions (high temperature and pressure) that are
experienced, the increased power dissipation in the transmitter itself and the li-
mited heatsinking capabilities of the high-pressure housing in which it needs to
be mounted, all these add significant challenges for developers of such NMR
transmitters. The temperature increase of the power components (mainly
MOSFET transistors) decreases their lifetime expectancy and total tool reliabili-
ty. Moreover, this also affects the accuracy of the tool because the increase of
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the per-pulse energy depletes capacitive energy storage faster and decreases the
maximum number of the tests that are achievable.

In the present work, it is suggested that the detuning effect of RF antenna be
limited by means of the Faraday shield placed between the antenna coil and the
sample fluid. This makes it possible to minimize the deviation of the antenna
loss factor and the resonant frequency. The removal of the higher harmonics
from the output current of the DC/AC converter my means of special topologies
and control methods enables a decrease of the power dissipation in the NMR
transmitter and an increase of the tool’s life expectancy. As a result, a bre-
akthrough technology capable of delivering important information as to the cha-
racteristics of the fluids present in the well under real well conditions and in real
time has been developed.

The Object of Research

The object of the research described in the present work is the antenna and the
DC/AC converter used in the construction of the NMR downhole logging tool
used for the determination of the presence, location and characteristics of hyd-
rocarbons in deep wells.

The Aim of the Thesis

The main aim of the present work is to investigate ways for improving the NMR
downhole logging tool antena and its DC/AC converter in order to increase the
accuracy and operational life of this tool.

The Tasks of the Thesis

In order to achieve the objective, the following problems had to be solved:

1. Toreview techniques used for the search of hydrogen containing
materials (hydrocarbons and water) based on the Nuclear Magnetic
Resonance (NMR) method.

2. To investigate the possibilities of using the Faraday shield between
the internal NMR tool antenna coil and the formation fluid in order
to limit the effects of any variations of the fluid parameters on the
NMR antenna resonant frequency.
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3. To investigate the sensitivity of drain-source resistance to changes
of temperature of high voltage (600V to 900V rated) silicon
MOSFETs along a range of temperatures up to 200°C.

4. To investigate the behaviour of the X7R ceramic capacitors used in
NMR oil and gas well logging tools as transmitter filters under DC
bias due to their unexpected overheating and failure in such high
current regime.

5. To investigate how the cancellation of the higher harmonics in the
multimodule transmitters used in NMR oil and gas well logging
tools enables an increase of their life expectancy and accuracy.

Research Methodology

To investigate the object, the following research methods are chosen:

— Theoretical analysis of the multimodule NMR transmitter, which emp-
loys the Chireix-Doherty outphasing principle for amplitude control,
Fast Fourier Transform analysis of the module’s output voltage and
current harmonics using LTSpice software.

— Experimental investigation of the sensitivity of the drain-source resis-
tance to temperature of high voltage (600V to 900V rated) silicon
MOSFETs and of higher harmonic cancellation in multi-module NMR
transmitters.

Scientific Novelty

The scientific novelty aspects of the theoretical and experimental investigation
of a NMR antenna mounted with a Faraday shield and a multi-module NMR
transmitter are as follows:

1. It was first time demonstrated that instalation of Faraday shield, pla-
ced between the solenoid and the formation fluid, in NMR oil and
gas well logging tool produces a significantly higher stability of the
antenna resonance frequency and the quality factor and is less subject
to changes of the conductivity and permeability of the fluid being a-
nalized. This decreases the dimensions of the tool enables it to per-
form in-citu laboratory analysis of the fluids contained in the rock
formations of deep wells.

2. The new multimodule, multilevel topology of the DC/AC converter,
which combines outputs of several identical power modules, opera-
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ting with 50% duty cycle at the fundamental frequency, provides the-
cancellation of the higher harmonics and improves the life time and
accuracy of NMR well logging tools operating at 175°C.

Practical Significance of Achieved Results

The investigations presented in this thesis were developed as part of the leading
edge technologies which were successfully created and implemented in the pro-
duction tools by the Halliburton Energy Services Company. They allowed it to
sign a three year, $400 million total value contract with BP (British Petroleum)
in 2003 to provide it with products and services for its exploration and drilling
activities in the Gulf of Mexico and the lower 48 states.

Halliburton L&P's MRILab(TM) tool utilizes this Nuclear Magnetic Reso-
nance technology to continuously monitor the level of filtrate contamination in
the fluid being extracted in order to minimize the time required to obtain a clean
sample. Information from the MRILab tool is further used to provide important
fluid parameters such as the hydrogen density, fluid viscosity and gas/oil ratio
(GOR) as well as to enhance the formation evaluation provided by the MRIL-
Prime(TM) logging tool (Halliburton, 2003).

The investigation results and practical solutions have being patented: ,,Mag-
netic Resonance Fluid Analysis Apparatus and Method” US6737864,
US716426, EP1393096 incorporate Faraday shield in the NMR antenna and
,Enhanced Transmitter and Method for a Nuclear Magnetic Resonance Logging
Tool” US9405035 as well as ,,Multi-Vector Outphasing DC to AC Converter
and method” US 20160301327, 04 14, 2014. Patent Application was intended
for higher harmonics cancellation in output of NMR tramsmitter.

The Defended Statements

The following statements based on the results of present investigation may serve
as the official hypotheses to be defended:

1. The Faraday shield, placed between the Nuclear Magnetic Resonance
(NMR) antenna coil and fluid sample, decreases the resonant
frequency shift up to the level (no more than 1%) which allows the
NMR oil and gas well logging tool to operate without the special
system used for the compensation of the detuning of the antenna re-
sonant frequency.

2. The empirical expression of high voltage silicon MOSFET transis-
tors drain-to-source resistance dependence on temperature, in which

5



6 INTRODUCTION

the influence of drain current is taken into consideration, correctly
describes (with correlation coefficient 0.991-0.999) the behaviour of
silicon MOSFET in the temperature range from 25 °C to 200 °C.

3. Biasing of X7R capacitors, which are widely used in NMR oil and
gas well logging tools transmitter as filters, by DC voltage increases
the capacitor‘s Equivalent Series Resistance value (16 times at 100V)
due to piezoelectric resonance effect. It increases power losses and
probability of X7R capacitors failure.

4. The multimodule transmitter of NMR oil and gas well logging tool,
based on silicon MOSFETs, which uses a combination of the fixed
phase shift and outphasing methods, allows the generation of output
voltage without higher harmonics. An increase of the number of mo-
dules from 2 to 8§ increases the transmitter's life expectancy from 4
year to 10 year. It also in 20% increases the signal to noise ratio of
the NMR tool.

Approval of the Results

The author has made 5 articles in scientific journals, 3 presentations at 3 interna-
tional scientific conferences and 5 patents:

— The IEEE 34th International Conference, Electronics and
Nanotechnology (ELNANO), Multi-Vector Outphasing Provides High
Power, Low Harmonics. [ed.] IEEE Digital Library ELNANO-2014.
Kiev, Ukraine .

— The IEEE 35th International Conference, Electronics and
Nanotechnology (ELNANO), DC to AC 3 Phase Modular Multilevel
Conversion Using Chireix Outphasing Method. Kiev, Ukraine 2015.

— The IEEE 36th International Conference on Electronics and
Nanotechnology (ELNANO), Specifics of the X7R Capacitors
Application in the High Frequency Inverters. Kiev, Ukraine 2016.

Structure of the Dissertation

The dissertation is structured around five main chapters.

Chapter 1 reviews the Nuclear Magnetic Resonance (NMR) method, used
for the search for hydrogen containing materials (hydrocarbons and water), the
processing of the NMR signal and the interpretation of the measurement results.
It also presents the block diagram and operation of a typical well logging NMR
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tool, the NMR antenna and the transmitter. In this chapter, the main problems
related to the reliability of high voltage silicon MOSFET transistors and X7R
ceramic capacitors are discussed.

Chapter 2 provides the results of the research on the effects of the well fluid
on the internal NMR antenna’s resonant frequency, and a method for improving
the stability of the antenna resonant frequency by the implementation of a slotted
Faraday shield between the antenna coil and the well fluid.

Chapter 3 presents the experimental investigation of the drain-to-source re-
sistance, which defines the conductive losses of the high voltage silicon
MOSFET transistors in a temperature range up to 200°C as a function of tempe-
rature and drain current.

Chapter 4 presents the investigation of multilayer X7R capacitors, used in
the high power NMR transmitters as filters. For this purpose, the capacitor Equi-
valent Series Resistance vs. the DC bias dependence was investigated along a
voltage range from OV to 100V when the frequency changes up to 0.1 MHz at
maximum capacitor voltage rating. Ways of mitigating excessive losses in these
capacitors are also discussed.

Chapter 5 describes the design of the new NMR transmitter, operating at
175 °C ambient temperature. Its multi-module, multilevel topology, which com-
bines the outputs of several identical power modules, operating at a 50% duty
cycle at fundamental frequency, provides the versatility needed for both low
harmonic sine voltage synthesis and amplitude control. Cancellation of the
higher harmonics of the output voltage is achieved by creating fixed relative
phase shifts between the individual modules of the multi-module converter. The
amplitude control employs the Chireix-Doherty outphasing modulation princip-
le. The possibilities of a 20% increase of the tool signal to noise ratio (SNR), as
compared to that of a two-module transmitter, as well as the significant increase
of the tool’s life expectancy is demonstrated in this chapter.

General conclusions as well as recommendations for further research comp-
lete the present study. These are followed by an extensive list of references and a
list of 13 publications by the author on the topic of this dissertation.






Literature Survey on Nuclear
Magnetic Resonance oil and
gas well logging tools

This Chapter reviews material on Nuclear Magnetic Resonance (NMR) method,
used for hydrogen containing materials (hydrocarbons and water) search, NMR
signal processing and interpretation of the measurement results. It also presents
the operation of the typical well logging NMR tool, NMR antenna and transmit-
ter. The main problems related with reliability of high voltage silicon MOSFET
transistors and X7R ceramic capacitors are also discussed in this chapter.

1.1. Hydrocarbon Exploration and Reservoir
Evaluation

The most versatile fossil fuels are hydrocarbons. Oil and gas deposits not only
provide fuel for energy production and transportation, but also raw materials for
chemical industries producing plastics, fertilizers and other products. Despite the
high volatility of prices on the international market in which the mechanisms of
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supply and demand are subjected to immense political pressure, hydrocarbon
production continues to increase. In 2015, more than 96 million barrels of oil per
day were produced (Mills, 2012; Total, 2015; Energy, 2014; Oil, 2014).
Although a predicted switch to renewable sources is predicted, this faces innu-
merable problems unless more reliable energy storage technology is created
(Trainer, 2014).

Most new deposits of oil and gas are found on ocean bottoms and ocean
shelfs, which makes their search and development extremely expensive (Clan-
ton, 2010; Nurmi, ef al. 1997) The platforms and ships that are used for this pur-
poses cost hundreds of millions US dollars and the costs of access to such wells
for purposes of drilling and “logging” can sometimes exceed $1M per day. This
makes the old, but most reliable petrophysical methods used for of the evalu-
ation of hydrocarbon bearing formation, based on the extraction of test samples,
simply unaffordable.

Modern geophysical methods use sensors based on multiple physical prin-
ciples to “log” wells. This is done by remote means to obtain information as to
the presence of hydrocarbons in the formation (Nurmi, et at. 1997; Aki, 2012;
Bloch, 1946; Coates, et. al. 1999). Thus when one run of a tool string containing
several sensors is made over a perspective rock formation; this provides a comp-
lete description of the well. This is called a well “log”, which contains reliable
data as to the type of formations that exist at different depths and the characteris-
tics of the fluids present in them.

In order to evaluate an oil or gas field and thus to make a correct business
decision as to its productivity, the following information has to be obtained
using such logging tools: 1) whether the pore (liquid deposit) in the formation
contains water or hydrocarbons, 2) if it is hydrocarbons, is it oil or gas, 3) how
much of such hydrocarbons by volume does the reservoir contain and where it
is (precise depth and location, 4) what type of rock makes up the formation and
what are its properties. Based on such data obtained from a few pilot wells and
the results of other geological surveys, the oilfield (gas field) can be properly
evaluated for commercial development. Since only one third of the oil (gas) pre-
sent in any such formation is recoverable without the use of special enhancing
methods which greatly increase the costs of production, the accuracy of such
assesments is important, as a one percent error in measurement of the forma-
tion’s porosity can create a several percent error when estimating the total pro-
duction that can be recovered from such a formation.

Modern logging tools use indirect methods for the evaluation of such oil
deposits. These measure the electrical resistivity of these formations, the acous-
tical wave propagation velocities inherent to them, their natural radioactivity and
neutron scattering, their chemical composition pecular as determined by means
of Gamma spectrometers, as well as their optical properties, pressures and tem-
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peratures. As none of these methods and tools used alone can provide direct
answers as to the types of fluid contained in such formations, the total porosity
within the formation, the distribution of its porosity and the fluid viscosity of the
deposits in such formations, geologists have had to rely on the extensive databa-
ses that had been obtained when “logging” similar formations using the above
mentioned tools, which had then been verified by physically analyzing rock
samples obtained through the process of drilling test wells. The final evaluations
are thus usually grounded on searches for the similarity of various combinations
of multiple parameters contained in well logs indicating the presence of hyd-
rocarbons and the data obtained for the formation being analyzed. This data is
then used to describe the reservoir.

New tools thus need to enhance such searches. One of these is the Nuclear
Magnetic Resonance (NMR) tool which is able to provide all those answers even
when used alone. Its uniqueness is that it detects only the hydrogen in the free
liquid or gas and it does not measure any of the hydrogen contained in formation
solids (Nurmi, et al. 1997). This is done by measuring the relaxation time of the
spin-echo signal. Thus the total amount of hydrogen contained in the formation
pores (liquid deposits) can determined, the types of fluids contained (gas, oil or
water), the pore sizes (deposit sizes) and their distribution in the formation, also
the viscosity of the fluid present. The latter parameters are important for estima-
ting the productivity of the well.

1.2. Nuclear Magnetic Resonance Technology

The Nuclear Magnetic Resonance (NMR) method used for the search of hydro-
gen containing materials (hydrocarbons and water) is based on the gyromagnetic
properties of the hydrogen nuclei. The capability of the protons to react to an
applied magnetic field when they are in a gas or liquid media (oil or water) ma-
kes it possible to measure only the hydrogen based fluids which can be removed
(Aki, 2012; Kenyon, ef al. 1995).

Some elements such as hydrogen, carbon or sodium have nuclei which have
uncompensated spins. These nuclei can be considered as small rotating magnets,
which are chaotically oriented in the absence of an external magnetic field
(Fig. 1.1) As the hydrogen nuclei have only one proton and relatively large
magnetic moments compared to other elements, their presence can thus be de-
tected using the pulse-echo method (Coates, et al. 1999).
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Fig. 1.1. The proton as a rotating magnet. The protons’ chaotic orientation
in the absence of an external magnetic field (Coates, et al. 1999)

1.2.1. Nuclear Magnetic Resonance Basics

The NMR tool operates in the following manner: the nuclei are first aligned by a
strong magnetic field and are then perturbed out of alignment by an additional
magnetic field directed perpendicular to the primary field which had been used
for their original alignment. As the misaligned nuclei then precess in the field,
this causes a small return signal to appear which can then be detected. This sig-
nal provides information as to the nuclear environment existing in the formation,
which can be used for the search of the hydrogen nuclei present in it.

When an external magnetic field having induction By is applied to a mate-
rial in a gaseous or liquid state containing hydrogen (see Fig. 1.1), the chaotical-
ly oriented magnetic moments of the hydrogen protons begin to rotate slowly,
thus changing their orientation to that of the magnetic field. This precession
frequency, called the Larmor frequency (f;), is proportional to the proton gyro-
magnetic parameter y and By and is described by the following equation:

_Yh
fo=1% (1.1)
Here the parameter y = e-g/2m, e is the particle charge, g is the unitless propor-
tionality factor related to the angular momentum of the system's intrinsic magne-
tic moment and m is mass of the particle. The f. is different for different nuclei

as it depends on the mass of the particle. For hydrogen nuclei (protons), f; is
42.58 MHz/Tesla.
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In a magnetic field sample of protons in a state of thermal equilibrium, the
sample contains more protons spinning in a lower energy (spin-up) state. The
ratio of the number of protons in the higher energy state (V.) to the lower energy
state (NVy) is N/N: = exp(-AE/kT), where k is the Boltzmann constant and AE =
hwo (wo= 2w f1) is the energy difference between the spin-up and spin-down
states. The difference between the number of protons in these states results in
equilibrium magnetization M, of the total proton assamble in the direction of By.
The process in which all the nuclear magnetic moments become orientated along
the external magnetic field and thus create magnetic moment M is called polari-
zation.

If the pulse of a magnetic field oscillating with Larmor precession frequen-
cy fi is then oriented perpendicular to the direction of By onto a sample with M,
magnetization, the magnetic moments of the protons are tipped to some angle 6
(Coates, et al. 1999):

0 = yBy1 (1.2)

where B is the amplitude of the magnetic pulse and 1 is the pulse duration. The
application of B; forces the protons to precess in phase with one another. As M,
precesses, its dipole field precesses with it. This precession can be detected as an
alternating voltage being induced in the receiver coil surrounding the sample. In
some apparatuses, the drive coil is made separate from the receiver coil used to
detect this Larmor precession. There are apparatuses, however, in which one coil
is used to perform both functions. In them, the B; field perpendicular to By is
created by a special coil (antenna), which is excited by a high power RF
transmitter. The tip angle 8 which results is proportional to the amplitude B; and
duration 7o of the magnetic pulse.

After the application of the magnetic pulse which causes the tipping of Mo
at @ = 90° angle (also named 7n/2) and the transfer of its energy into tipping, the
protons are caused to process in phase in transverse planes (relative to Bo),
thereby losing their energy and phase stability. This decreases the total magneti-
zation, which then consists of two magnetization vectors: the longitudinal and
the transverse. The relaxation of the nuclei population to the thermodynamic
state in the magnet is called, "spin-lattice" or longitudinal relaxation. During
this process, which has characteristic time 77, the longitudinal magnetization
vector grows to My. T refers to the mean time it takes for an individual nucleus
to return to its thermal equilibrium state of spin. In the contrary case, the
transverse magnetic moment component decreases, thereby returning the net
magnetization vector to that of a non-precessing field. This is called 7> or
transverse relaxation. Because of the difference in the actual relaxation mecha-
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nisms that are involved, 71 is usually longer than 75. This decrease of magnetiza-
tion is measured in the traverse direction by the receiver coil which had been
used previously as the transmitter coil, but which is now used to detect the de-
caying signal. This decay is usually exponential and is called Free Induction De-
cay (FID). The FID time constant is very short and is only a few tenths of ms
(Coates, et al. 1999). The main reason for the resultant decay is the magnetic
field inhomogeneity which causes defocusing when the nuclei move (diffuse) to
another layer with different By and the energy losses due to their collisions with
other atoms or the surfaces of solid boundaries.

1.2.2. Nuclear Magnetic Resonance Pulse Sequences

The proton magnetization vector can be refocused in the transverse plane when a
6 = 180° pulse is applied (Figure 1.2). The additional angle speeds up the return
of the magnetic moments back to the original alignment and at some moment 7,
the amplitude of the detected signal, called the spin echo, reaches maximum.
Another § = 180° pulse is then needed to refocus protons. The time between the
refocusing pulses is 27 (Coates, et al. 1999). Figure 1.3 shows a typical series of
refocusing 180° pulses, known as Carr-Purcell-Meiboom-Gill (CPMG) sequen-
ces, separated by time TE, the so-called pulse train, which is used to obtain a
small, but measurable spin-echo train echo with maximum amplitude so-
mewhere near the center of the refocusing pulses. The blue line shows the ampli-
tude of the received signals of the spin-echo train proportional to the transverse
magnetization, which is decaying at time constant 7.
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Fig. 1.2. Refocusing pulses and resulting spin echo signal (Coates, ef al. 1999)



1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL... 15

Projected 180° pulses Echo decaying curve

Amplitude

»

90° 180° 2t 180° 4t 180° 61 180° 8t Time, ms "

Fig. 1.3. Refocusing pulses and the decaying echo signal (Coates, et al. 1999)

After multiple refocusing pulses are received, the echo signals finally decay
to noise level and the measurement process stops to allow the By static field to
restore polarization to the maximum value M. The amplitude of the received
echo signals, measured between the refocusing pulses, is used for the calculation
of the density of the hydrogen in the pores (liquid deposits) of the rock forma-
tion. This is based on the projected starting point of the Echo decaying curve, as
shown in Figure 1.3. The dynamics of the echo pulses’ amplitude decay also
contains information as to the structure and the pore size distribution in the rock
formation.

1.2.3. Nuclear Magnetic Resonance Signal Processing

As it was noted before, in most cases the same antenna is used for the generation
of the B field and for the reception of the NMR spin echo signal which usually
is extremely low with amplitudes of less than 1uV. The calibration of such NMR
tools is performed using special water tanks. Such tanks represent 100% total
porosity P = 1-Vy/ Vi, here V, and V;, are the grain and bulk volumes respective-
ly. This produces maximum signal amplitude at definite Larmor frequency. In a
rock formation, as only a fraction of total volume is filled with water, oil or gas,
the NMR signal amplitude is proportionally less.

Due to the low amplitude of the NMR echo signals, a resulting low signal to
noise ratio (SNR) is achieved. To increase the SNR, the following methods are
used: 1) linear summing (stacking) of the echo signals, 2) the application of a
specially shaped window (often a Hann pulse) to the received signal in the pro-
cess of converting it from analog to digital in order to funnel the maximum sig-
nal energy while limiting noise, 3) synchronous measurement of the signal
within a narrow band determined by the excitation pulse envelope (usually a



16 1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL...

Hann pulse) (Akkurt, et al. 2001), 4) using a pulse to pulse phase switching
technique (PAPS) to cancel out any of the system’s synchronous noise (Coates,
et al. 1999; Sigal, ef al. 1999).

1.2.4. Nuclear Magnetic Resonance Results Interpretation

The NMR signal train decay speed (relaxation time) in rock pores (liquid depo-
sits) depends on three main mechanisms: 1) the surface relaxation due to contact
with a solid surface, which affects both polarization 77 and relaxation 7>, 2) bulk
fluid relaxation of the fluid itself, which affects both polarization and relaxation
T, also the diffusion of the excited molecules in the gradient field from the vo-
lume being affected to adjacent volumes with different Larmor frequencies
affected only by the 75 relaxation. The fluid in different rock formations reacts
differently to NMR pulses and the echo signals decay with the different time
constants. This makes it possible to measure multiple parameters after the signal
is processed.

The relaxation curves shown in Figure 1.4 illustrate the effects of pore size
(sizes of the liquid deposits) on the relaxation times and the complexity of the
resulting relaxation curves (Coates, et al. 1999). Fluids located adjacent to solid
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Fig. 1.4. Relaxation time for different pore size (Coates, et al. 1999)
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surfaces transfer their energy extremely fast and their contribution to the echo train
signal being measured is negligible. Thus these unrecoverable fluids have low visi-
bility as NMR signals. When the pores (liquid deposits) increase in size, the NMR
signals response from the rock formation, both as to their amplitude and relaxation
times, become measurable and available for processing. Methods used to improve
the signal-to-noise (SNR) and to properly process the data being acquired are
described in (Harris, 1978; Blackman, et al. 1958; Menger, 2003; Freedman, 2006).
Multiple relaxation processes when combined make up the exponent-like
function, consisting of multiple components, all having different starting ampli-
tudes and different time constants. The decomposition of the relaxation / de-
caying curve into its original exponents is called inversion. By varying the pa-
rameters of the experiment such as the polarization time 7W and the time
between the refocusing pulses 7TE, the NMR tool can be “fine-tuned” to recogni-
ze certain types of formation fluids, based on their expected relaxation times.

1.3. Nuclear Magnetic Resonance Tool Block
Diagram and Operation

A block diagram of a typical well logging NMR tool is shown in Fig. 1.5 and
waveforms of the antenna voltage pulses and transmitter output current pulses
are provided in Fig. 1.6. The Uphole module, located on the surface, provides
power for the tool through a standard 600VDC line via the cable for the Wireline
tools. For logging while drilling (LWD) tools power is provided by a local 12 V
to 36 V battery. The Low Voltage Power Supply provides the tool modules with
all the voltages needed by their digital and analog circuitries.

LWD tool local
power sources

Wireline tool

Uphole Module
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Fig. 1.5. Block diagram of NMR tool
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The capability of the cable delivering power is limited by the resistance of
the cable itself (50Q to 150Q total) and cannot support the generation of even a
tenth of the kVA pulses needed for the excitation of the NMR antena. Thus
capacitive energy storage is used as the local buffer. The Tool controller via the
Modulator operates the Transmitter and directly switches Output filter. This then
redirects via the Antenna interface the RF power pulses generated by the
Transmitter to the Antenna or, when in its receiving mode, allows the NMR
echo signal that is picked up by the Antenna to enter into the input of the Signal
amplifier. This NMR analog signal after amplification is then converted into a
digital signal and is processed using the tool‘s firmware. The operation of the
system is corrected using the antenna temperature sensors and, if needed, infor-
mation obtained from the other tools in the string. The Communication module
provides the capability of exchanging information between the tools in the string
and the Uphole module via the same cable.

The Transmitter, being a high frequency switch mode DC/AC converter,
produces pulse—width modulated (PWM) rectangular voltage (Figure 1.7) with
the first harmonic components restored as antenna voltage after passing through
the filter in the antenna‘s parallel resonant tank. (Chireix, 1935; Doherty, 1936;
Dent, 1998; Perreault, 2011). The antenna current is Q times (Q is quality factor
of the antenna) greater than the transmitter output current due to parallel reso-
nance.

1.2KV—+ Antenna voltage

0.9KV+
0.6KV-
0.3KV
0.0KY:
-0.3KV
-0.6KV-
-0.9KV-
-1.2Kv-+

Transmitter output current

time
-?UA I T 1 |
Djis ITES 120jis 180ps 240ps 300us

Fig. 1.6. NMR antenna voltage and the transmitter output current for 90 deg
tipping (left) and 180 deg refocusing (right) pulses
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The Modulator provides a set of control signals to the transmitter input, which
form the envelope of the antenna voltage (and the resulting current) and create the
Bi magnetic field. The operational frequency, equal to the Larmor frequency, to-
gether with other necessary signals are provided by the Tool controller.

Transmitter Transmitter Antenna Antenna

output voltage output current voltage current
1.5KV= : . : : : . = 200A
12Kv- \/ rrrrrr L 1604
PR 7/ D N (0 W /S N W ) A
03KV - ; : L 404
n.nKv-ﬁ « - - 0A
03KV - ------- - - -40A
-0.6kv4 Y " -80A
-0.9kv} 1208
B i T i o m—— e FT
-1.5KV- 200A
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Fig. 1.7. Waveforms of transmitter and antenna signals

The Output filter limits the peak value of the Transmitter output current and
uses switcheable capacitors to tune its resonance to the antenna frequency. The
Antenna interface directs the transmitter output current to the resonant antena,
thus exciting in it voltages of over 1000V peak and antenna currents of a few
hundred amps peak. When the pulse generated by the Transmitter ends, the
Transmitter shuts down and Antenna interface dissipates the residual energy sto-
red in the resonant system. It then redirects the NMR echo signal picked up by
the antenna coil to the input of the Signal amplifier. This amplifier is needed to
increase the NMR echo signal amplitude from fractions of microvolts to ~1 V
for processing by the ADC of the Tool controller.

1.4. Nuclear Magnetic Resonance Tool Antenna
The main purpose of the NMR logging tool is to map the per layer distribution

of the oil or gas contained in the formation vs. its depth with the highest possible
accuracy in order to identify its most productive layers. This is needed to plan
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correctly the optimal sequence of the engagement of the layers for maximum
productivity and total reservoir use. The sensitive volume of the NMR tool has
to be located inside the rock formation not being invaded by the drilling mud.

Another type of NMR tool is used for the analysis of the well fluid produ-
ced by the prospective formation layers in real time and under real well condi-
tions to determine the possible well productivity. This fluid analyzer has a sensi-
tive volume inside the tool and operates by redirecting the well fluid flow to an
internal antenna. In both cases, the NMR antenna uses permanent magnets to
create static magnetic field Bo and a coil or set of coils for oscillating field B,
and for picking up the NMR echo signal.

1.4.1. External Field Antenna

The first successful pulsed NMR logging tool (Taicher, et al. 1988) was introdu-
ced by the small Pennsylvania-based startup company NUMAR in 1992. Two
years later, the giant energy service company Schlumberger brought to the mar-
ket its CMR tool (Kleingerg, et al. 1986). The difference between those two
tools is the antena design. NUMAR took the cylindrical sensitive volume appro-
ach (NUMAR Prime tool, US Pat. Nos. 4,710,713; 5,212,447, 5,376,884;
6,023,164) in which the cylindrical volume is located deep inside the formation
and the tool‘s position in the well does not affect the accuracy of the tool. The
configuration of the sensitive volume is shown in Figure 1.8 left.. The CMR sen-
sitive zone of the Schlumberger tool is smaller (Figure 1.8) right (US Pat. US
5,023,551, US 5,376,884) and the tool needs a centralyzer to press the sensitive
side of the antenna to the formation‘s wall to prevent receiving a NMR signal
from the mud. Each approach has its own anvantages and disadvantages (Ak-
kurt, et al. 2009). The Schlumberger side-looking tool is more compact, cheaper
and requires less power for the tipping and refocusing pulses than the NUMAR
cylindrical volume tool, but the drawback is its lower logging speed. On the
other hand, the huge antenna used in the NUMAR Prime tool requires a tenth of
kVA of the RF power to produce tipping field B; deep in the formation (Miller,
1990).

The NUMAR Prime Tool‘s cylindrical sensitive volume, located deep in the
rock formation, provides reliable data while avoiding the registry of any effects
caused by well washouts at different depths from the tool antenna surface.

The magnetic field By of the permanent magnent closer to the surface of the
antenna is stronger and its Larmor frequency f; is higher than the f; in layers,
located at distances 7 (closer) and r» (further) from the center of the tool. This is
shown in Fig. 1.9. The gradient field By allows the tool to excite and to receive
echo signals from different sensitive volumes (layers) independently by using
different excitation frequencies. The layer thicknesses that are produced are only
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~1mm (for the NUMAR Prime tool) and the generated NMR have low amplitu-
des and low SNRs.

Cylindrical sensitive volume Side looking sensitive volume
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volume
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Fig. 1.8. Sensitive volume of cylindrical and side looking anntenas (Kenyon, ef al. 1995)
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Fig. 1.9. Magnetic field inductance vs. distance from antenna surface and
corresponding Larmor frequencies (f; and f2), (Coates, et al. 1999)
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The thickness of the formation‘s volume being sensed is proportional to the
bandwidth of the excitation pulse and is reversely proportional to the duration of
the pulse. As a result, the shorter the excitation pulse, the wider the bandwidth
and the greater the responding volume, which in turn produces higher amplitude
echo signals. A decrease of the By gradient also increases the volume being sen-
sed. The ultimate situation is when the permanent magnetic field is highly ho-
mogenuous in a particular volume and RF field is orthogonal to By in the whole
of this volume, which makes it similar to laboratory equipment picking a NMR
echo signal from the whole volume.

Thus the cylindrical sensitive volume NMR antenna provides the highest
logging speed, looks deep and is less sensitive to well washouts, but to generate
tipping pulses in high volumes, it needs a transmitter capable of generating
tenths of kilovolt-amp pulses at Larmor frequency. This is a challenging task for
power electronics, operating at high temperatures in high pressure housings.

1.4.2. Internal Field Antenna

A separate and extremely important task when evaluating the produceability of
an oil field is the analysis of the fluid in its natural environment in a well as the
fluid is being produced from a certain layer of the formation. Analysis of such
downhole fluid samples is desirable for many oil industry applications. This is
typically done by bringing up samples to the surface using sealed containers and
then sending these samples for measurement at laboratories. A number of tech-
nical and practical limitations, however, are associated with this approach and
their cost and the time that needs to be spent are often unexceptable.

The main concern is also that the sample(s) brought up to the surface may
not be representative of the downhole geologic formation due to the fact that
only limited sample materials from a limited number of downhole locations can
be extracted and taken to the surface. Thus the taking of samples to the surface is
impractical when the purpose is to measure the fluid in a dense grid of sample
points. Therefore, by necessity, such measurements will provide only an
incomplete picture of the downhole conditions sought to be analized. The tempe-
rature of the the fluid in a dense grid containing oil (gas) significantly affect the
fluid viscosity and the assessed well produceability.

In addition, such samples frequently contain highly flammable hydrocarbon
mixtures under pressure. Depressurization of these containers frequently also
leads to the loss of their gas content. Thus the handling of such test samples can
be hazardous and costly. Further significant problems are caused by fluid phase
changes during retrieval and transport, also by diffculties in recreating reservoir
conditions and the signifcant time delays that are associated with such laboratory
analysis.
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It is thus apparent that ideally such fluid sampling and analysis should be
preceded or even entirely replaced by remote downhole fluid analysis of as ma-
ny samples as is desired, with the final results being made instantaneously avai-
lable at the well site. Nuclear magnetic resonance (NMR) technology is well
suited for this purpose since it enables the user to determine many properties of
the in-situ formation fluid without extracting numerous samples. These pro-
perties include the hydrogen density, self-diffusivity, and the relaxation times 7/
and 72. NMR devices, methods and pulse sequences used in logging tools are
described, for example, in US. Pat. Nos. 4,350,955, 5,557,201, 4,710,713,
4,717,876, 4,717,877, 4,717,878, 5,212,447, 5,280,243, 5,309,098, 5,412,320,
5,517,115, 5,557,200, 5,696,448, 5,936,405, 6,005,389, 6,023,164 and
6,051,973. Direct downhole measurement of certain fluid properties is well
known and several commercially available tools can be used for ths purpose.
These include the RDTTM tool manufactured by Halliburton, the Reservoir
Characterization Instrument (RCITM) manufactured by Western Atlas, and the
Modular Formation Dynamics Tester (MDTTM) made by Schlumberger. These
tools have modular designs which allows them to be reconfgured at the well site.
Typically, these tools provide pressure-volume measurements, which can be
used to differentiate liquids from gases, and are also capable of providing tempe-
rature, resistivity and other mechanical or electrical measurements. However,
these tools do not generally provide NMR measurements, as discussed above.

The use of NMR measurements to determine the properties of downhole
formation fluids is also known in the field. The first application of this method
was described in US. Pat. No. 6,111,408, which discloses a method and appara-
tus for making direct downhole NMR measurements of formation fluids. The
device presented in this patent, however, requires that a portion of the fluid be
diverted from the main flow line and be held stationary for the duration of the
measurement, which may take about a minute. A concern about the use of this
device for this purpose is the occurrence of possible fluid phase separation due
to its diversion from the main flow line and separation due to gravity once the
sample has been separated and allowed to settle. Also depending on the relative
concentrations obtained, the sample chamber may contain only a subset of the
phases present in the flow line.

This first in-situ well fluid analyzer (MRILab) has two sets of permanent
magnets. One of these located in the polarization section provides spin orienta-
tion while the fluid flows through the internal tube as shown in simplified Fig.
1.10. In the resonance section, permanent magnets provide an extremely homo-
geneos magnetic field, which creates the tipping and refocusing at the same
Larmor frequency of the nuclei at all their internal values (Doty, 2007).



24 1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL...

INFLOW %

N 5 1, POLARIZATION
SECTION

COIL 1

N S RESONANCE

Y %l [ SECTION
OUTFLOW Q:D

Fig. 1.10. Cross section of MRILab fluid identification
tool antenna (Prammer, et al. 2002)

The transmitter coil covers the full length of the resonance section and
excites the passing fluid, while the receiving coil in the lower part of the re-
sonant coil picks up the echo signal from the fluid in the lower part of the re-
sonance section.

The accuracy of this in-situ fluid analyzer is affected by one unpredictab-
le factor, which causes the antenna electrical resonant frequency to change,
thus mismatching the Larmor frequency. The antenna‘s resonance frequency
(4.25 MHz) is defined by the coil inductance and the total tank capacitance.
This includes the set of temperature compensating capacitors, the stray capa-
citance C; between the coil wire turns and the extra capacitance consisting of
C; through the tube dielectric and Cr through the well fluid shunted with the
fluid resistance Ry as shown in Fig. 1.11. The well fluid, passing through the
isolated tube, used as the antenna coil mandrel, may be either crude oil with
the dissolved gas, or water or a mix. The dielectric parameter for oil &= 2.4
and for water € = 80, while the actual fluid may be a mix of unknown propor-
tions (Petroleum, 2008). With dielectric constant of the analyzed fluid chan-
ging up to 33 times, it is difficult to design a resonant antenna operating stab-
le enough to maintain tool accuracy. Attempts to add a special tuning system,
based on switching or variable capacitors, sensors etc. were technically comp-
licated, decreased the sensor reliability and required more space.



1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL... 25

Antenna coil

Ct Ct / Isolator tube
.

Ci Ci Ci

Fluid

Fig. 1.11. Stable C; and variable Cr, Ry distributed parameters of NMR antenna

Thus there is a need for the development of a simpler method for decrea-
sing the dependence of the NMR antenna resonant frequency on the well fluid
dielectric properties, which does not require a complicated tuning system.

1.5. Nuclear Magnetic Resonance Transmitter

The transmitter in the NMR tool is a high frequency DC to AC converter loaded
with a resonant LC tank (NMR antenna). In the process of measurement, a
sequence of multiple identical excitation pulses is generated, forming a so-called
pulse train (Fig. 1.12). Energy from local capacitive storage is then converted
into RF pulses and dissipated in the antenna and transmitter. All the sine wave-
form shaping methods developed for S0Hz — 60Hz industrial applications, based
on the use of multiple times higher carrier frequency modulation, cannot be used
for this, due to their unacceptable switching losses.

A simplified schematic of the currently used transmitters is shown in
Fig. 1.13. The RF pulse amplitude modulation is based on the Chireix-Doherty
out-phasing method (Chireix, 1935; Doherty, 1936), which combines two identi-
cal amplitude VO voltages with controlled symmetrically opposite phase shifts as
shown in the phasor diagram Fig. 1.14. This modulation method was originally
designed for operation with sinusoidal voltages, generated by the vacuum tube-
based output stages of radio transmitters. Progress in the development of high
voltage, high current, fast-switching MOSFETs, however, makes it possible to
fit such NMR transmitters in high pressure housings and to operate them at the
elevated temperatures found in the depths of oil and gas fields.
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Fig. 1.12. CPMG REF pulse train at NMR antenna
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Fig. 1.13. NMR transmitter power stages, filter and antenna

To decrease the transmitter (Figure 1.13) power dissipation, all the power
components (MOSFETs S1 — S8) were operated as switches with low drain-to-
source resistance Rason, (Mohan, et al. 2003; Dent, 1998). The transmitter inclu-
ded two full bridge inverters, named the leading and lagging, two combining
transformers 7X7 and TX2, the transmitter output filters Lr and Cr and a resonant
load antenna C,, L,, Ra.



1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL... 27

90°

/,,—"'(___ T ___7%"‘“..____
yd Ve | Combined
v A — Output
/ Ve=V1+V2
/ Py s
L V2 = V1 ;
| Lagging / 3 Leading
I."J- Inverter -f” «“‘- Inverter |
| f A \
1801 1800 |/ ¢ wd I e | o
[— 'I |I
5\: Lagging \ / '\ | Leading /
{ Inverter AN / Inverter
| ¢ =180 g Vo~ =
——¢ —o— s U},
: . \_/ ,//
\‘\\. /,/
i N8 Vo
e

Fig. 1.14. Chireix-Doherty outphasing modulation phasor diagram

To achieve maximum efficiency and output power, each inverter produced
50% duty cycle pulses, providing the maximum value of the first harmonic.
When the two output voltages from 7X7 and 7X2 were combined in phase (zero
phase shift, ¢ = 0), the resulting output voltage doubled producing maximum
antenna voltage. When the signals having opposite phase shifts (¢p = m) were
combined, the resulting voltage was zero. The first harmonic peak voltage, resto-
red at the antenna parallel resonant tank as V,, depended upon the power bus
voltage Vs and the phase shift ¢ which can be described as:

Vo= 2Vgsing (1.3)

The operation of the output stages at 50% duty cycles is beneficial not only
for maximum power output, but also provides enough time for recharging the
gate drivers. This is also needed for the operation of the output stages in their
soft switching mode, thereby decreasing switching losses, and to store enough
energy in the magnetics for lossless commutation of the output transistors.

1.5.1. Switch Mode Transmitter Harmonics

Such switch mode operation, when operating at 50% duty cycles, minimizes the
power dissipation of the components and also produces multiple harmonics in
the output voltage of each converter. (Fig. 1.15). Only the fundamental harmonic
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is used for NMR antenna excitation. The amplitude of each produced harmonic
V, at 50% duty cycle is defined as:

4
= =V (1.4)

where 7 is the hamonic number and V3 is the full bridge bus DC voltage.
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Fig. 1.15. Spectrum of a 50% duty cycle signal
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Fig. 1.16. NMR transmitter output current spectrum
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The NMR antenna is a parallel resonant tank with maximum impedance at
the resonant frequency. For higher harmonics, the load impedance is low and
transmitter output current harmonics are limited only by the series LC filter.

The filter with the antenna tank form a fourth order resonant system with a
so-called saddle transferring characteristic and low input impedance at series
resonance above the first harmonic. The output current of the transmitter was
analyzed and the resulting signal spectrum or harmonic distribution of the re-
focusing pulses is shown in Fig. 1.16. The third harmonic was found to be +8db
the level of the fundamental one, which means that the energy dissipated by the
third harmonic current was 6.3 times higher than that by the fundamental one.

The high content of the higher harmonics in the transmitter output current
produces excessive heat dissipation by all current carrying components. This
includes the output transistors, the local ceramic capacitors and the magnetic
windings.

To decrease or to eliminate the unwanted higher harmonics from the switch
mode converter output signal, multiple approaches have been developed starting
with Pulse Width Modulation, which uses multiple control methods (Patel, et al.,
1973; Rodriguez, et al., 2002; Rodriguez, et al., 2007; Rodriguez, ef al., 2012;
Li, et al., 2000; Carrara, et al., 1992; Cendelci, et al., 1998). But due to the high
fundamental frequency, only the natural frequency (fundamental frequency)
switching of the multiple individual modules forming a “ladder style” combined
output voltage is suited for use in Nuclear Magnetic Resonance transmitters.
This is shown in Fig. 1.17 (Cendelchi, et al., 1998; Baker, et al., 1974; Bhagwat,
etal, 1981; Tolbert, et al., 1999; Ilves, et al., 2011; Ilves, et al., 2015; Du, et al.,
2004; Lai, et al., 1996; Kang, et al., 2012; Konstantinou, ef al., 2010; Li, et al.,
2015; Dahidah, et al., 2014; Darus, et al., 2014; Antunes, et al., 1999) The Phase
Shift PWM method appears to be promising for this application as it is based on
Multiple Module Converters (MMC), operates with the fundamental frequency
and combines their output voltages using high frequency output transformers. In
the frequency range 0.5 MHz to 1 MHz, these combining RF transformers are
relatively small, fit the high pressure housings and are reliable for high tempera-
ture applications.

The behaviour of the main power dissipating components, such as the
MOSFET switches and capacitors, thus have to be evaluated for operation at
elevated temperature, which exceed in some cases their manufacturers® specifi-
cations.

This power dissipation increases the components® temperature and thereby
reduces their reliability (life expectancy). Operation in the confined space of a
high pressure housing, made of mechanically strong material like Inconel with
low thermal conductivity, also creates problems in providing it with a reliable
heat-sink passage from the electronic module to the ambient. Operation in deep
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wells with ambient temperatures up to 175 °C exaggerates these heat-related
problems. This increased power dissipation per pulse also depletes the main
capacitive energy storage or battery faster and decreases the number of experi-
ments that can be conducted per layer, resulting in losses of accuracy.
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Fig. 1.17. Ladder style voltage formed by multimodule converter

Thus special means and methods need to be developed to remove the higher
harmonics from the transmitter output current or to decrease the higher harmo-
nics content.

1.5.2. Power Transistors

The most important components of the switch mode DC/AC converter, used as
NMR transmitters, are the power switches. For the referred to frequency range
of a few hundred kilohertz to one megahertz, which is typically used in the mul-
tifrequency cylindrical antenna, the transmitter needs to produce an over 1000 V
peak output with a current capability of a few tenth of amps and minimal inter-
nal power dissipation.
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The wireline tool DC power line standard is 600V and for the battery powe-
red ones, this varies from 200V to 400V depending on the designer‘s approach.
The voltage rating for the switch thus should be higher than the DC bus, plus
any expected overvoltage spikes up to 100-200 V. This means that 600 V to
1000 V rated switches are needed for use in the NMR transmitter output stages.
Only MOSFET transistors, however, can switch tenths of amps in less than
100ns with low losses. All other high power solid state switches, such as thyris-
tors, IGBT or silicon bipolar transistors, are too slow for use in NMR transmitter
applications (Mohan, et al. 2003).

The MOSFET transmitter switch dissipates power due to the conductive
losses. This is proportional to the RMS value of the passing current and the
drain-to-source resistance Rason Of the transistor. The drain leakage losses and the
switching losses are proportional to the operating frequency and MOSFET out-
put capacitance. The gate recharging losses are also proportional to the operating
frequency.

During low frequency and high current operation, the dominant component
of the MOSFET power dissipation is the result of conduction losses. Dissipated
power is converted into heat and channeled from the transistor die to the ambient
(well fluid) via thermal resistance (Rn), which includes the thermal resistance
die to the package, resistance of the package to the heatsink and resistance of
heatsink to the ambient. The total value of Ry can be varied in wide range
(Mohan, et al. 2003; Singh, et al. 2001). The lower the Ry, the less is the tempe-
rature difference between the ambient and the transistor die. To decrease power
dissipation, multiple transistors may be connected in parallel to share current and
thus to reduce the total and per switch conductive losses.

To properly design the transmitter output stages and to determine the opti-
mal number of parallel switches that would be needed for current sharing, the
MOSFET Rason behaviour or the voltage drop can be described as a function of
both the current and the temperature along an expected temperature range. It is
known that at higher temperatures, the drain to the source voltage drop (V)
increases significantly as shown on Fig.1.18 for the IRF330 and APT40SM120J.
At the same time, V4 depends on the drain current (Locher, 1988; Mohan, et al.
2003; Singh, et al. 2001; Tyshko, et al. 2012).

Manufacturers provide MOSFET datasheets containing important reference
data, which include the V; measured at a certain test current (/) and maximum
pulse and maximum continuous currents at temperatures ranging from 25°C to
150°C. This data is usually packed with a set of graphics, which show the output
drain characteristics, such as the drain current I vs. the drain voltage V; with a
static drain-source resistance at 25 °C and 150 °C. This is shown in Fig. 1.19 for
the IPB60R099 transistor (IPB60R099, 2009). The green box shows the area,
which should not be exceeded at high temperatures. It is known that for the same



32 1. LITERATURE SURVEY ON NUCLEAR MAGNETIC RESONANCE OIL...

die size the Vysignificantly increases with the drain voltage rating (Singh, et al.
2001). Thus, one and the same model can not be used for the MOSFETSs with the

different voltage ratings.
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The positive coefficient of the drain-to-source resistance is due to the electron
and hole mobility decrease with the increase of temperature. In (Locher, 1988)
the dependence of the Ruswn vs. temperature was estimated using the following
equation:

T
Rason(T) = Rason,25°c (%)2'3 (1.5)

where 7 is the absolute temperature and Rgson, 25 °c is drain-to-source resistance
value at 25 °C.

Another polynomial equation for Ry vs. temperature (7) dependence was
proposed in (AN9010, 2000; Divins, 2007):

RdSOTL(T) == RdSOﬂ.,ZSOC . (aT2 + bT + C) (16)

Here a, b and ¢ are empyrical coefficients.

Different transistors have different drain voltage and current ratings and
respectively different Itests. In the NMR transmitter, the MOSFET is used as a
switch and its drain current is a parameter, which is determined by the other
components and conditions, while its drain voltage is a function to be defined /
calculated to determine both its momentary and average power dissipation.
Known expressions for Ryson do not include extended temperature ranges and do
not include its dependency on the drain current. Thus for the NMR transmitter
design, research has to be conducted in order to develope a new model, which
describes the Ruon as a function of both its temperature and current and which
verifies its usability in temperature ranges up to 200 °C.

1.5.3. Capacitors

The transmitter currents, switched by the power MOSFETs, pass through the
local energy storage units, which are based on low ESR capacitors. Those capa-
citors have to operate in a temperature range over 175 °C and have to be able to
carry high AC current, including all the harmonics of the transmitter output cur-
rent with low losses to prevent capacitor overheating (Zakis, ef al. 2012).

Of the wide assortment of “off the shelf” capacitors, only a few types can
operate at temperature ranges of 175 °C to 200 °C and can be used in NMR
tools. Multilayer X7R ceramic capacitors, known for their maximum energy
density and high stability COG/NPO appear to be suited for this purpose as
NMR transmitters mostly rely on X7R capacitors for use as local DC filters.
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In the data available from the manufacturers (AVX, 2015, TDK Product,
2015, TDK Equivalent, 2015, Ceramic, 2016, Multilayer, 2016, KEMET, 2016,
Voltage coefficient, 2016, AVX, X7R, 2016, AVX Advanced, 2016) and from
research papers (Tura, er al. 1996; Fortunato, 2012) on X7R capacitors, two
main parameters, the capacitance and equivalent series resistance (ESR), are
characterized as useable in the full temperature range up to 150C and a
maximum rated DC operating voltage in the frequency range over 10MHz.

2.5

Capacitance Change Percent

25% 50% 75% 100%
Percent Rated Volts

Fig. 1.20. Capacitance value change (in %) vs. DC voltage
bias for AVX X7R capacitors (AVX, 2015)
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Fig. 1.21. Typical ESR vs. frequency dependence
for AVX XMO04 type capacitors. (TDK Product, 2016)
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Multilayver Ceramic Chip Capacitors
Commercial Grade ( Mid Voltage (100 to 630V) ) / C5750 series (3/3)

Circuit Diagram

;
i
b

R ——— 4
Part No. Cl1[pF] |L1[nH]  Rl[ohm] R2[Gohm]
C5750JB2A155K230KA 1,500,000 0.650 0.0047 0.333
CS750X7R2A47SK230KA | 4,700,000 0.650| 0.0025 0.106
C5750X7S2A106K230KB | 10,000,000 0.650| 0.0034|  0.0500 ¢l

Fig. 1.22. Equivalent schematic of multilayer X7R capacitors
recommended by manufacturer (TDK Product, 2016)

The data presented in Figs. 1.20 to 1.22 appeared to be sufficient for use in
simulation models of the NMR transmitter design. The temperature rise AT was
calculated based on power dissipated in the capacitor using formula (1.7), (Mag-
netics, 2015):

AT = (Smw (1.7)

)0.833
Acmz

where AT is the component temperature rise over ambient temperature (no for-
ced air flow), P, is the component dissipated power in mW and Acn> is the
component surface area. However, the testing of the high power converter,
which ended in failure, showed that X7R multilayer ceramic capacitors, opera-
ting in DC filters, had a significantly higher temperature rise 47 than the values
that were provided in the manufacturer’s equivalent schematic for the capacitor
shown in Fig. 1.22 (Tyshko, et al., 2016).

The mechanisms responsible for mechanical failures in the ceramic capaci-
tors due to the electrical fields were investigated in (Dineva, et al. 2014). Thus
the unexpected X7R ceramic capacitors failures and the resultant overheating
question the validity of the standard X7R ceramic based capacitor model, and
requires new analysis as to the actual behavior of such DC biased X7R capaci-
tors.
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1.6. Conclusions of Chapter 1 and Formulating Tasks
for the Dissertation

The literature review and analysis of the NMR tools focused on the few main
problems affecting the accuracy and reliability of these downhole logging tools.
They include the following:

1.

The internal NMR antenna is subjected to detuning due to the different
dielectric parameters of the investigated well fluids. A simpler method
thus needs to be developed to mitigate such detuning effects without in-
volving additional hardware and software, which can increase the
complexity of the tool and result in higher costs and lesser reliability;
The transmitter output current’s higher harmonics exceed significantly
the useful fundamental one and produce excessive power dissipation,
which increases the transmitter temperature and decreases the tool’s re-
liability. The transmitter design needs to be reanalyzed and changed in
order to decrease or to cancel out the higher harmonics eminating from
the transmitter output voltage;

The high voltage power MOSFETs, used in the transmitter output sta-
ges, operate in a high temperature range, thus exceeding the standard ra-
tings provided by the manufacturers. MOSFET drain-to-source resistan-
ce Ruwn, which defines the conductive power losses, needs to be
investigated and behavioral models created, which provide verified
Rdson dependence on the temperature and the drain current.

High energy density X7R ceramic capacitors need to be investigated to
determine the reasons for their abnormal behavior, compared to that
provided in the standard data sheets. These cause the X7R capacitors to
overheat and fail.



Improvement of the Internal Nuclear
Magetic Resonance Antenna through
the Use of a Faraday Shield

This chapter provides the results of research on the effect of well fluids on the
internal NMR antenna’s resonant frequency. It also decribes a method for imp-
roving the stability of the antenna’s resonant frequency by means of a slotted
Faraday shield placed between antenna coil and the well fluid (Patents: US
7,164,267, 2004; EP1393096 EU, 2003; US 6,737,864, 2002)

2.1. The Effects of Well Fluid on the Nuclear Magnetic
Resonance Antenna Resonant Frequency

To assess the possible detuning of the NMR antenna by different types of well
fluids, a test setup was disigned. Fig. 2.1 shows a simplified block diagram of
the actual test setup (Fig. 2.2). The test setup consisted of a shortened version of
the NMR antenna coil (inductance L) wounded over the plastic tube (reservoir
with _formation fluid). Inside this tube was then placed the fluid to be tested. The
generator with low internal capacitance was then connected directly to the an-

37
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tenna coil and the 5V Laboratory DC power supply. The oscilloscope was used
for the measurement of the generator output frequency, which is defined by re-
sonance frequency of tank consisting of the antenna (inductance L/ = pH) and
reservoir capacitance C/ depending upon the type of fluid placed in the plastic
tube. The oscilloscope voltage probe was connected to the separate low impe-
dance output of the generator.

Reservoir with
formation fluid

Oscilloscope Generator

Input

Fy

Buffered
output

Resonant

GND Tank

I

]

_ |
Timing | i L1

1

1

1

GND +3V

GND +3V

Laboratory
DC Power
Supply 5V

Fig. 2.1. Block diagram of the Antenna cell resonance test setup

The test setup (Fig. 2.2) was designed as following: the antenna cell was
placed vertically onto the printed circuit board and the bottom of the tube was
sealed with epoxy to facilitate fluid replacement. The generator’s vertical board
was placed as close as possible to the antenna to minimize the length of the wire,
which itself adds inductance and parasitic capacitance. The 400MHz bandwidth
oscilloscope WaveSurfer 44MXS-B was used to monitor generator operation
and to measure the frequency of the generator. A 5VDC power supply provided
the power for generator.

The plastic tube was filled with various well fluids and the resonance
frequencies were measured for Air (no liquid), Oil, Mixed (50% oil + 50% wa-
ter), Water (non-conductive) and Brine (highly conductive salt water). As anten-
na inductance was LI = 1uH the measured resonance frequencies provided to
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calculate the equivalent tank capacitance CI. For calculation the well known
Tomson formula fz = 1/2n-(LC)"? was used.

| Scope ” Oscillator | | Antenna cell with fluid ” 5V PS |

Fig. 2.2. Test setup with the antenna cell

Table 2.1. Antenna resonance frequency fr and fluid equivalent tank capacitance C1

Fluid in test setup Resonance frequency, MHz Capacitance, pF

Air 65,7 5,8

Oil 58,7 7,3

Mix (50% oil, 50% fresh 47,1 11,3
water)

Water (non-conductive) 40,4 15,4
Brine (highly conductive 40,0 15,7

salt water)

The antenna setup test results showed significant variations of the resonant
frequencies and changes of the capacitances by almost 3 times, which affect the
tuning of the NMR antenna. The capacitance variations shown in Table 2.1 thus
needed to be significantly decreased to prevent the detuning of the NMR antenna
with a resultant decrease of the NMR tool’s accuracy when measuring the cha-
racteristics of different well fluids. The date of CI presented in Table 2.1 were
used as a reference for simulation of the electric field distribution in the antena
with Faradey shield by ANSYS sofware.
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2.2. The Internal Nuclear magnetic Resonance
Antenna with a Faraday Shield

A simple solution which allows a decrease of the dependence of the NMR an-
tenna resonant frequency on the electrical properties of the well fluid has been
proposed (Prammer, et al. 2002; Prammer, et al. 2004). The electrical field ge-
nerated by the windings of the coil can be terminated at the surface of a slotted
copper tube, a Faraday shield, placed in an isolating tube between coil and fluid
(Fig. 2.3, Fig. 2.4). This Faraday shield slot was parallel to the longitudinal di-
rection of the coil as shown in Fig. 2.4. In this improved Antenna, the capacitive
currents flowing through C; (Fig. 2.3) were terminated by the Faraday shield
and did not enter the well fluid. Thus only its longitudinal magnetic component
entered the fluid during excitation and emanated from the fluid, thereby inducing
the NMR echo signal in the receiver coil.

o' 0i®
-_
Fig. 2.3. Simplified diagram of NMR antena with Faraday shield

To verify the effectiveness of this proposed solution, the previously tested
antenna was modified by adding to it a Faraday shield, a copper foil cylinder
slotted in the vertical direction, which was fitted inside the tube and was isolated
with Kapton tape to prevent its contact with the liquid. This cylinder was then
connected to the ground.

The resonance frequency was then measured for five different fluids that
had been placed in the tube Fig. 2.2. The results of this test are provided in Tab-
le 2.2.
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MAGNETICALLY PERMEABLE STEEL TUBE:
FLUX RETURN AND MAGNETIC SHIELD 20

SAMARIUM-COBALT
MAGNET SEGMENTS 25

FLOW TUBE 60

SLOTIED COPPER TUBE:
ELECTRIC FARADAY SHIELD 45

NON-SLOTTED COPPER TUBE:
OUTER ELECTRIC FARADAY SHIELD 40

TRANSMIT
AND RECENE COIL |
(SOLENOID) 35

CROSS SECTION THROUGH (D)

Fig. 2.4. MRILab sensor cross section with a slotted Faraday shield

Table 2.2. Resonance frequency fr and fluid equivalent tank capacitance C/for antenna
with a Faraday shield.

Fluid in test setup Resonance frequency, MHz Capacitance, pF

Air 39 16.5

Oil 38.4 17.1

Mix (50% oil, 50% fresh 38.2 17.2
water)

Water (non-conductive) 38.1 17.3
Brine (highly conductive 38.0 17.4

salt water)

The addition of the Faraday shield decreases the dependence of the antenna
capacitance on the fluid. The cross section of the final configuration of this mo-
dified MRILab antenna is provided in Fig. 2.5. The well fluid enters the internal
volume of the test cell from the top through flowtube 60 and then passes through
diffusor 5, which slows its speed due to the greater cross-section of the internal
tube compare to the upper opening of the flowtube.
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Fig. 2.5. Cross section of MRILab antenna with Faraday shield

The fluid passes through Polarization Section A with magnets 25, which
provide a magnetic field significantly higher than that in the NMR section. This
strong magnetic field quickly polarizes the fluid’s proton magnetic moments.
Thus when the fluid enters NMR sections C and D, its polarization is already at
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saturation level and does not depend upon the velocity of the fluid flow. Mag-
nets 25 in NMR sections C and D form the homogenous By field 0.1T, orthogo-
nal to the longitudinal direction of the antenna. The excitation RF pulses genera-
ted by the transmitter (shown in Fig. 2.7) are then applied to solenoid transmit
coil 30 and the solenoid transmit and receive coil 35, creating in them RF mag-
netic field B; pointed in the longitudinal direction. This produces the proton
tipping. The slotted Faraday shield 45 is located in the flowtube between the
coils and the fluid. Additionally, external solid Faraday shield 40 is located
between the coils and surface of magnets 25. This external shield stops the RF
pulses from exiting the small space surrounding coils and prevents the external
electromagnetic noise generated by the other logging tools from entering the
Receive coil and interfering with the small NMR echo signal. The space
between the magnets and coil flowtube 60 is filled with oil and the pressure di-
fference between the well fluid and internal oil is maintained at a low level by
means of a pressure equalizer. The tool pressure rating is 1800 atm.

The fluid slowly moving in the NMR sections is thus subjected to tipping
pulses from the combined transmit and receive coils, while the NMR echo signal
is picked up only by the receive coil from the lower fraction of section D. The
purpose of this approach is to guarantee that the total volume of the fluid in
section D had been properly tipped in section C before the fluid enters section D
at any possible fluid flow speed.

By processing the NMR signal’s decay and decomposition and by inverting
this data into a time distribution function, it is possible to analyze the well fluid
in real time.

37 CROSSED
s DIODES 39
SIGNAL
GENERATOR
38 — 4.4 MHz
DIGITAL SIGNAL CAPACITOR 31\ TRANSMIT
PROCESSOR ﬁ£ s 33 38 CROSSED CcoIL 30
SYSTEM CONTRO!
f DIODES 39
SIGNAL SIGNAL INPUT TRANSMIT
DIGITIZER AMPLIFIER ™| PROTECTION & RECEIVE
L CoIL 35
36 PIC

CAPACITOR 31
\/

Fig. 2.6. Block diagram of the MRILab system
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For testing the NMR antenna improved with the Faraday shield, the
following apparatus was used (its block diagram is shown in Fig. 2.6). The ope-
rating frequency of 4.26 MHz allows the use of ADC and DSP for processing
the signal. Variable frequency source 34, controlled by a processor, sends its
signal to transmitter 37, which in turn drives transmitter antenna 30. All the ti-
ming functions, including widths and acquisition windows, are fully program-
mable. On the receive side, the signal from receiver antenna 35 is amplified, sy-
nchronously demodulated and integrated. The tool also performs its own
calibration. All pertinent calibration factors are stored in the tool itself and after
calibration, the echo amplitudes are reported on a scale of 0—2 V, which are sui-
table for use by the analog circuitries.

More specifically, as is shown in Fig. 2.5, the two coils 30 and 35 of the de-
vice were connected to resonating capacitors 31. These capacitors were of the
COG/NPO type (zero temperature coefficient) and the PTC type (positive tem-
perature coefficient), shunted in parallel, as shown. Their resultant temperature
characteristic is such that with an increase of temperature and when the static
magnetic field weakens (typically 1% per 100 °C) (Material, 2016), the capaci-
tance increases at twice the normal rate (typically 2% per 100 °C). The resultant
LC circuit resonant frequency thus drops to half the capacitor rate (1% per
100 °C) and as it follows the NMR resonance, this makes it unnecessary to re-
tune the circuit.

In the transmit mode, controller 33 instructs the signal generator 34 and the
power amplifier 37 of the apparatus to produce a radio frequency pulse in both
coils. The high voltage applied causes all crossed diodes 39 to conduct, thereby
connecting the two coils. In their receive mode, the crossed diodes stop con-
ducting and the signal is received only from lower coil 35. The signal is then
amplified, digitized and fed into digital signal processor 33 for demodulation
and further processing.

Examples of the 7; distributions obtained for some of the fluids tested,
using the NMR antenna, improved with a Faraday shield, are shown in Fig. 2.7
and Fig. 2.8 (Prammer, ef al. 2002). The horizontal axis, “time,” in Fig. 2.7 de-
notes the time elapsed between the saturation pulse and the readout sequence,
the vertical axis indicates the signal amplitude in arbitrary units. These results
are easier to interpret after inversion (Coates, et al. 1999) from the time domain
to a 71 domain, which is shown in Fig. 2.8. The single, sharp peak at 2-3 s is
characteristic of water, the rounded peak in the “oil window” at 0.5—1 s indicates
oil.
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Fig. 2.7. Relaxation time T1 of different fluids measured in MRILab;
a) brine, b) diesel, ¢) crude

The broad response from the crude oil in the bottom panel is characteristic
for complex hydrocarbons. Shown in Fig. 2.8 are examples of the 77 saturation-
recovery data for three different fluids: brine, Diesel oil and crude oil. The posi-
tions of the spikes in the T1 distribution characterize the composition of the well
fluid and its other parameters, and allow fast identification of the fluid’s content
by its so-called NMR signature. The implementation of the Faraday shield ma-
kes the NMR echo signal less dependant on the type of well fluid being tested.
The high stability of the resonant frequency of the receive antenna, tuned to the
Larmor frequency and combined with a high O, increases the amplitude of the
NMR echo signal and its resulting accuracy.
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Fig. 2.8. MRILab test results for the T1 distribution in different fluids

Thus the NMR fluid analyzer MRILab can be successfully used for the tes-
ting of a wide spectrum of well liquids such as highly conductive salted water
(brine), crude oil and diesel fuel.

2.3. Conclusions of Chapter 2

1. The placement of a slotted Faraday shield between the NMR antenna coil
and the analyzed fluid decreases the resonant frequency shift to less than
1%.

2. This makes it possible to perform measurements without the use of a spe-
cial tuning system to provide compensation for any detuning of the anten-
na.

3. This allowed the development of the first commercial in-well NMR
fluid analyzer MRILab™.



Silicon MOSFET Drain-to-Source
Resistance Behavior at High
Temperatures

Silicon MOSFETs are the most commonly used power switches in high frequen-
cy power equipment. For specific applications, however, such as when they are
intended to be used in NMR transmitters, manufacturer’s specifications that are
available do not cover temperature ranges over 150—175 °C, which is data that is
very important for the development of NMR transmitters that need to operate at
175 °C ambient temperatures. Moreover, the drain-to-source resistance Rason,
which defines their conductive losses, is treated as a linear resistance with
values, provided by the datasheet noted in Subchapter 1.5.2. In this chapter, the
Rason of such MOSFETSs was investigated in temperature ranges of up to 200 °C
as a function of temperature and drain current (Tyshko A., 2014; Tyshko A.
et. al. 2013).

47
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3.1. Correlation Between Drain Voltage Rating Value
and Drain Resistance Temperature Coefficient

Commonly, the Ryson dependence on temperature is exponential with power in-
dex P = 2.3 (see Equation 5) for different power MOSFETs. To verify the appli-
cability of this expression for MOSFETs with different maximum drain voltage
ratings (Vmd), the commercially available MOSFET database was analyzed.

For this purpose, the Rgson values for 25°C and 150°C were taken from each
MOSFET datasheet and the ratio K: = Rdson,150°c /Ruason,25°c Was calculated. Figu-
re 3.1 shows the scatter plot of K; and P, against MOSFET maximum drain vol-
tage rating Vima. The left vertical axis in this figure represents ratio X, and right
vertical axis represents the corresponding power index P, based on Equation 1.5
and calculated as:

log(Kry

r = Tog(423/300) = 6.7 - log(K,) (3.1)

where 423 and 300 are the test temperatures in Kelvin.

Resistance ratio Kr = Rdson, 150¢ / Rdson, 25¢C Exponent power Pr
v v
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Fig.3.1. Scatter plot of K, and P vs. MOSFET drain maximum voltage rating Vg

The data trend clearly indicates that K; and exponent power P, depend on
the MOSFET maximum drain voltage rating Vmq and that P, changes from ~1.2
for low voltage transistors to ~3.0 for those transisters rated as having the
highest drain voltage. The power value P, in Equation 1.5. is close to 2.3 only
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for certain MOSFETSs with rated drain voltage Vg in the range from 200 V to
600 V. For practical reasons for the design of NMR transmitters operating in the
400 V to 600 V power bus range, the group of interest was narrowed down to
the maximum drain voltage range of 600 V to 900 V.

3.2. Silicon MOSFET Experimental Test Setup

In this section, the experimental test setup used for the investigation of the drain-
to-source voltage drop as a function of the drain current and the temperature in
the extended range 25 °C to 200 °C in several MOSFETs is presented. The ob-
tained results were used to calculate Ryson and to verify or update the currently
used model (Locher, 1988). In order to decrease errors related to local heating
by test currents, very short pulses with low duty cycles were used.

To measure simultaneously the pulsing drain current and the drain-to-
source voltage, which is needed for the calculation of Ry, the following test
setup was designed and built. A block diagram of this setup is shown in
Fig. 3.2. It consisted of a test heatsink (Fig. 3.3) onto which were installed 10
MOSFET units (Q1-Q10) with gate resistors R, R3 per each and a common
non-inductive load resistor R2 =1.0Q2 for measuring the drain current with 1%
accuracy. All assembly of these resistors and MOSFETs was placed in the o-
ven. Because the testing temperature was at 200°C, all these components were
capable of operating at high temperatures. The harness used Teflon isolated
wires, SMT and wire-wound resistors and filter capacitors, which were tanta-
lum wet slugs 220uF, 50V rated to 200°C and X7R ceramic capasitors 22 uF,
25 V. All the soldering was done using high temperature solder (SN-95). The

DC Lab PS 60B TENMA
72-6615 c1 R1 | Differential Ampl. 1
| —— 1 NI | Pomona 6731 ]

10x220uF
Pulse Generator ] _5x22uF
V out 5V, 10us, T per 1s —
Tektronix AFG3102
l R2 Q1
Differential Ampl. 2
Buffer Gate Driver %0 Pomona 6731
1XDD409 V out 15B,
Rout — 10hm R3
100
t = Scope Tektronix W
DC Lab PS 15B " TPS2024
TENMA 72-8615 | PCA in the oven Q1 - Q10 Id |

Fig. 3.2. Test setup for measuring the drain-to-source voltage
drop vs. the drain current



50 3. SILICON MOSFET DRAIN-TO-SOURCE RESISTANCE...

differential voltage probes allowed for high accuracy measurements to be taken
in the presence of high common mode signals in the harness. The test setup also
contained a harness, a thermocouple and filtering capacitors C/, two laboratory
DC Power Supplies TENMA 72-6615, pulse generator Tektronix AFG3102,
gate driver IXDD409 IC, two differential voltage probes (Pomona 6731) and a 4
channel digital Scope TPS2024. These were used for measuring the drain volta-
ge and drain current differentially.

Fig. 3.3. Test heatsink with installed transistors

The test setup operated in the following way: The pulse generator produced
5V logic level pulses of 10us duration and periods of 1s. This was done to keep
the MOSFET dissipated power at minimal and to minimize the related die tem-
perature rise over the temperatures measured by the thermocouple. The logic
level pulse operated gate driver chip IXDD409, which was powered by the 15 V
laboratory DC power supply and provided 15V gate pulses to the rotary switch
used as the MOSFET selector (not shown). The 10 outputs of the rotary switch
were connected to the harness and delivered pulses to the gates of the chosen
MOSFETs. To prevent the harness from ringing all the gates, it had terminating
resistors R/ and R3. All the drains were connected in parallel and were powered
through the wire-wound, non-inductive burden resistors R2, 10hm, 1%. Local
filter C1, which included the electrolytic and ceramic capacitors, provided power
to the MOSFETs being tested in the oven. Between pulses, this filter was char-
ged from the regulated output of the same power supply.
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When the gate pulse turned the MOSFET on, voltage from filter C/ was ap-
plied to the burden resistor connected in series with the MOSFET, thus genera-
ting current.

The drain-to-source and the burden resistor voltages were then measured at
the end of the 10us pulses, when transients settled (see Fig. 3.4). These were
then averaged for 16 pulses per each of the 10 MOSFETs, and were then addi-
tionally averaged to produce one set of readings to minimize statistical devia-

tion.
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Fig. 3.4. Drain-to-source voltage, gate voltage and
drain current waveforms

The heatsink with the mounted MOSFETs and other components, including
the thermocouple, were then placed in the oven and soaked for 1 hour before the
test at each temperature to maintain +/—1 °C accuracy.

3.3. Silicon MOSFET Test Results

Five types of power MOSFETs with drain voltage ratings Vg from 600 V to
900 V (IPB60R099, IPW90R 120, STP11N80, SPP17N80 and the IXFH24N90P
used for high temperature applications) were tested following this procedure.
The resulting drain-to-source voltages V; vs. two parameters: the drain currents
I; in amps and temperatures in degrees C are provided in Table 3.1 for the two
MOSFETs with voltage ratings of 600 V and 900 V. The left column represents
drain current /; in amps and the top row represents the test temperatures in deg-
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rees C. The values in the cells of Table 3.1 represent the measured drain-to-
source voltages V7 in volts, which were needed for the calculation of the drain-
to-source resistance Rason = Va/la. The crossed (X) cells correspond to either data,
which could not be obtained because of the limited capabilities of the test setup
or indicate obviously unacceptable voltage drops of the resulting power dissipa-
tion in the NMR transmitter.

Table 3.1. The drain voltage (in V) vs. drain current and temperature for the IPB60R099
and IPW90R120 MOSFETs

IPB60R099,600V,0.099€2 IPW90R120,900V.0.12Q
Av°C | 25 | 100 150 | 175 | 185 200 25 100 150 175 185 200

5 04 | 0.76 14 116 | 125 | 1.34 | 0.40 | 0.79 1.16 1.33 1.38 1.55
10 08 | 1.5 248 | 2.64 | 2.81 | 0.84 | 1.65 | 239 | 273 | 3.00 | 3.33

n
L
[
n

15 12 | 240 | 332 | 388 | 413 | 438 | 1.29 | 2.63 | 3.74 | 439 | 462 | 519

20 1.6 | 325 | 459 | 539 | 573 | 611 | 1.77 | 3.55 | 5.18 | 596 | 655 | 7.26

25 2.1 | 417 | 592 | 7.03 | 745 | 797 | 228 | 455 | 6.70 | 7.87 | 840 | 933

30 26 | 516 | 748 | 891 | 947 | 102 | 281 | 558 | 834 | 9.87 10.4 11.4

35 30 | 612 | 917 | 11.0 | 11.8 | 12.6 | 3.31 | 6.63 10.0 11.9 12.6 13.9

40 35| 735 | 11.0 | 134 | 143 | 155 | 386 | 7.67 | 119 | 14.1 152 | 16.8

45 40 | 858 | 13.1 | 162 | 17.2 | 18.1 | 442 | 893 | 138 | 165 | 17.8 | 19.7

50 4.6 | 999 | 144 X X X 5.03 | 10.2 15.9 19.2 | 208 | 233

This experimental data shown in Table 3.1 was used for the calculation of
the normalized Risonn = Rason/Rdson25°c Where the reference drain-to-source resis-
tance (Rason2s°c) value was measured for the test currents listed in the MOSFET
manufacturer’s datasheets. For the IPB60R099 (IPB60R099, 2009) transistors,
the test current 18 A was rounded to the closest 20 A. For the IPW90R12
(IPW90R120C3, 2009), the test current 23 A was rounded to 25 A. The results
of these calculations are provided in the cells of Table 3.2 for both MOSFETs in
a manner similar to that in Table 3.1.

Fig. 3.5. shows the values of the normalized Rasons, plotted against the drain
current. The reference value of Ryson at 25 °C (circled) was obtained at drain test
current 25 A. The trend line shows that the deviation from linear dependency is
mostly less than 2%, which means Rqson vs. 14 dependence is very close to linear.
In order to express this dependence as a mathermatical formula instead of an
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actual drain current /3, a normalized drain current M, = I4/I; was introduced. The
value of test current /; and the corresponding drain-to-source resistance Rqson, at /;
at 25 °C are available from the manufacturer’s datasheets. This formula is pre-
sented as:

Rason Ug) = Rdson,lt ) [1 +a- (Mr - 1)] 3.2)

where M; is the normalized drain current and « is the slope of the linear trend
line. Equation 3.2 is valid at this one temperature. Fig. 3.6 shows how the nor-
malized Rgson depends on Iy at different temperatures in a range from 25 °C to
200 °C. It thus can be seen that not only that the slope a, but also the starting
point of each curve changes significantly with temperature.

Table 3.2. Rionn vs. temperature and drain current

IPB60R099,600V,0.099Q, test 18A IPW90R120,900V.0.12Q, test 25A
AVC | 25 100 150 175 185 200 25 100 150 175 185 | 200

5 094 | 1.79 | 245 | 273 | 294 | 3.15 | 0.88 | 1.74 | 255 | 292 | 3.03 | 3.41
10 098 | 1.82 | 253 | 292 | 3.11 | 331 | 092 | 1.81 | 2.63 | 3.05 | 3.30 | 3.66

15 099 | 1.88 | 2.60 | 3.04 | 324 | 344 | 095 | 193 | 2.74 | 3.22 | 3.38 | 3.80

20 1.00 | 191 | 270 | 3.17 | 3.37 | 3.59 | 097 | 195 | 2.85 | 3.27 | 3.60 | 3.99

25 1.01 | 196 | 2.79 | 331 | 3.51 | 3.75 | 1.00 | 2.00 | 295 | 3.46 | 3.69 | 4.10

30 1.02 | 202 | 293 | 349 | 3.71 | 4.00 | 1.03 | 2.04 | 3.05 | 3.62 | 3.82 | 419

35 1.03 | 209 | 3.08 | 3.70 | 397 | 425 | 1.04 | 2.08 | 3.15 | 3.75 | 3.97 | 439

40 1.04 | 216 | 323 | 395 | 422 | 455 | 1.06 | 2.11 | 3.27 | 3.90 | 418 | 4.63

45 1.06 | 224 | 342 | 424 | 450 | 473 | 1.08 | 2.18 | 3.38 | 4.04 | 436 | 483

50 X X X X X X 111 | 224 | 350 | 422 | 457 | 5.14

This is a result of power index P,, which also depends on /3. Thus in order
to correct the starting point according to the temperature, power index Pq was
modified by adding to it a component with normalized current M. This is shown
in the following equasion:

P,=b+c M, (3.3)

where b is a coefficient close to the original value 2.3 (Locher, 1988). The final
corrected expression for R4son as a function of the drain current and temperature,
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based on the empirical formulas contained in Equations 3.2 and 3.3 is as
follows:

Rdson(Tr Id) = Rdson,]t [1 +a (II_‘: - )] ' (%)b-'-T 34

Normalized Drain resistance Rdson
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Fig. 3.5. Normalized Ruson dependency vs. drain
current for IPW90R120 at 25 °C

All the coefficients, i.e. a, b, and ¢, can be obtained from the measured
MOSFET data and then used in the transmitter design for calculating its con-
duction power dissipation.

For the validation of Equation 3.4, a fitting process, based on the maximum
correlation between the actual measured data and the model data, was perfor-
med. The model coefficients were adjusted for minimum statistical deviation,
using the weighted relative (1), calculated as the difference between the actual
data X; and the model predicted Y;, divided by the average measured data. The
final values of coefficients a, b, c, the correlation coefficient (R) and relative
deviation are provided for all 5 MOSFETs in Table 3.3.

Fig. 3.7 illustrates the fitting results for two MOSFETs, one rated to 600 V
(IPB60R099) and second to 900 V (IPW90R120), where the dots represent the
measurement results and the smooth lines represent the simulated results accor-
ding to Equation 3.4 and the coefficients from Table 3.3.
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Table 3.3. Parameters obtained after fitting procedure using formula (3.4)

MOSFET Vim, V I, A Rason, 2 a b c R Orel
IPB60R099 600 18 0.09 0.07 | 2.6 0.32 {0999 | 0.017
STP11NS80 800 5.5 0.35 0.04 | 2.6 0.32 | 0991 | 0.059
SPP17N80 800 11 0.29 005 24 0.34 | 0998 | 0.027

IXFH24N90 900 12 0.42 0.03 | 2.7 0.15 | 0.999 | 0.023
IPW90R 120 900 26 0.12 0.08 | 2.7 0.35 | 0999 | 0.025
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Fig. 3.7. Ratio Rason/ Rason 1t dependence vs. temperature and /4 current:
measured (dots) and simulated (solid lines)

3.4. Conclusions of Chapter 3

1. This investigation demonstrates that the drain-to-source resistance Ruson
of silicon MOSFETs depends significantly on the temperature and drain
current and that at 200 °C, this can exceed its value at 25 °C by 3 to 5
times, depending on their voltage rating and the values of the drain cur-
rent.

2. The improved Rgson behavioral model in which the two MOSFETsS pa-
rameters (Rason) and P were proposed to be a function of /3 was tested in
the temperature range of 25 °C to 200 °C. It was proven that this model
is valid with a correlation factor of better than 0.99 for the 5 different
types of power MOSFETs.






Investigation of X7R Ceramic
Capacitors

In this chapter, the multilayer X7R capacitors, which are used in these high
power NMR transmitters as filters, were investigated for excessive losses and for
ways to mitigate them. For this purpose, these capacitors’ Equivalent Series Re-
sistance (ESR) vs. their DC bias dependence was investigated along a voltage
range from 0 V to 100 V, to their maximum capacitor voltage rating, and to the
frequency range 0.1 MHz (Tyshko, A. and Balevicius, S., 2016).

4.1. Setup for the Investigation of X7R
Capacitors’ Eqgivalent Series Resistance

The setup used for the investigation of these capacitors’ ESR consisted of impe-
dance analyzer WK 6500B and a standard 0 to 100 V DC power supply, which
provided the test setup with the DC bias (shown in the schematic in Figure 4.1.)
The two capacitors C/ and C2 were connected in series and the DC bias voltage
was provided via resistors R1 and R2.
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These multilayer X7R (CKG57NX7R2A106M500JH) ceramic capacitors
10 uF, 20%, 100 V, ESR 3.4 mQ were tested at 100 kHz frequency and the
maximum DC voltage rating 100V. These capacitors were choosen because of
the wide use of this type of capacitor in high current converters, including NMR
transmitters. Resistors RN55 100k, 1% were used as the bias resistors R1 and
R2. The capacitors were placed in the low inductance test fixture of the impe-
dance analyzer as shown in Figure 4.2. In the converter, all the AC currents are
redirected along either path to the local capacitor energy storage. The generated
heat was proportional to the capacitor ESR and the square of the AC current’s
RMS value.

. _LI a [ |
DC Power 10uf Impedance
Supply 200k Analyzer
0 - 100V c2 WK 65008
—I_R:: | 10uF |
1

2
00k

Fig. 4.1. Schematic of the test setup used for investigation of capacitors

Fig. 4.2. Outside view of capacitor test setup

The impedance analyzer WK 6500B was capable of measuring and
displaying the two parameter C value and the ESR vs. frequency dependence
along a frequency range of up to 20 MHz. The frequency range of interest for



4. INVESTIGATION OF X7R CERAMIC CAPACITORS 59

the discussed application was limited to a 2 MHz maximum due to the fast decay
of the amplitude of their higher harmonics.

4.2. Eqgivalent Series Resistance Dependence
on the DC Bias

It was observed that at zero DC bias, the ESR vs. frequency dependence
(Fig. 4.3) was similar to that presented in Fig. 1.21. The measured ESR value
10 mQ (encircled) was a sum of ESR of the two capacitors connected in series
and the values of resistors R1 and R2, which provide the bias voltage from the
DC power supply.
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Fig. 4.3. ESR vs. frequency for CKG57NX7R2A106M500JH capacitors (no DC bias).

The capacitor model shown in Figure 1.22 predicted a single resonance of
the lead inductance L1 with capacitance C1 at ~2 MHz. According to Fig. 1.22,
this indicated that the capacitor ESR value had to be the same for all the harmo-
nics in the range up to 1 MHz. However, the measured single resonance occur-
red at ~0.95 MHz instead of at 2 MHz, which can be explained as gue to the
added lead inductance.

Application of the bias voltage significantly changed the behavior of the
capacitance, which manifested itself by the appearance of additional ESR spikes
at certain frequencies, such as at ~316 kHz, 398 kHz, 465 kHz and ~1 MHz. For
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the capacitors measured at 465 kH, the ESR increased from 10 mQ at 0 V DC to
26 mQ at 20 V DC and to 62 mQ at 50 V (Fig. 4.4) and up to 126 mQ at 90 V
(Fig. 4.5). This increase of the ESR, measured at 465 kHz, vs. applied DC bias
voltage, is shown in Fig. 4.6. Close to the maximum rated voltage, the ESR of
the capacitors increases by 16 times when compared to their original values at
zero bias. This induces an increase of the power dissipation and a rise of capaci-
tor temperature.
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Fig. 4.4. ESR vs. frequency for CKG57NX7R2A106M500JH
capacitors at 50V bias

Fig. 4.5. ESR vs. frequency for CKG57NX7R2A106M500JH
capacitors at 90V bias
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The excessive heating of the X7R multilayer ceramic capacitors, which was
observed during the mockup tests, can be explained by the polarization effect of
the DC bias on the capacitors’ BaTiO3/PbZrO3 PZT based material, which tur-
ned these capacitors into piezo-elements having multiple resonant frequencies.
These were defined by the capacitor dimensions and their mechanical vibration
modes.

These electromechanical losses occur when the AC current harmonics in
the spectrum of the current flowing through the capacitor coincide with the reso-
nant frequencies of the capacitor functioning as an electromechanical resonator.
They are proportional to the DC bias voltage.
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Fig. 4.6. ESR of CKG57NX7R2A106M500JH capacitors measured
at 465 kHz vs. DC bias voltage

The following test was conducted to prove the mechanical vibration nature
of the observed losses. The capacitors being tested were wrapped with tungsten
filled silicon rubber, the material used to dampen these acoustic vibrations. This
resulted in the resonant spikes being decreased by ~40%. At these resonant
frequencies, the capacitors’ ESR may be more than an order of magnitude higher
than that indicated in the datasheet and the resulting losses can cause the capaci-
tors to overheat and to produce thermal or mechanical failure (Tyshko, et al.
2016). This effect may also cause electromechanical failures (Dineva, et al.
2014) or, in the case where they are made of pre-polarized ceramic (with
“frozen” electrical fields), they can be used for converting electrical energy into
mechanical, such as in sensors, resonators, transformers and motors (Tichy,
et al. 2010; Cho, et al. 2015; Sharapov, et al. 2014, Lavrinenko, 1975).
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4.3. Conclusions of Chapter 4

1.

It was observed that widely used X7R capacitors behave as piezoelectric
resonators when biased with DC voltage. The tungsten filled silicon
rubber dampened these acoustic vibrations up to ~40%. Such mechani-
cal resonance increases these capacitor’s losses and the probability of
their failure.

The ESR of the capacitors increases by 16 times when compared to their
original values at zero bias. For this reason it was recommended that
multiple identical capacitors connected in parallel for AC current sha-
ring could be used in order to mitigate the overheating and failures.



Nuclear Magnetic Resonance
Transmitter with Cancelled Higher
Harmonics

This chapter describes the design of a new NMR transmitter, operating at 175 °C
ambient temperature. Its multi-module, multilevel topology, which combines the
outputs of several identical power modules operating with 50% duty cycle at the
fundamental frequency, provides the transmitter with the versatility needed for
both low harmonic sine voltage synthesis and amplitude control (Tyshko, A.,
2014). The cancellation of the higher harmonics of the output voltage is achieved
by creating fixed relative phase shifts between the individual modules of the
multi-module converter. The amplitude control employs the Chireix-Doherty
outphasing modulation principle. The possibilities of a 20% increase of the tool
signal to noise ratio (SNR), as compared to that of the two-module transmitter,
has also demonstrated along with a significant increase in the tool’s life
expectancy.

The following is based on the author’s original research, which was con-
ducted at Halliburton, the leader in NMR technology for logging tools. During
such research, it was found that the elimination of the third harmonic reduces
from 3% to 10% the energy supplied to the transmitter (Tyshko, 2012). This re-
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search also included simulations of such a transmitter’s power dissipation, which
were performed using expanded multi-module topologies and a simple phase
shift as the control method. Three models of different complexity were used for
this analysis. The simplest two-module transmitter (Case A) was used as the re-
ference. The four-module (Case B) and eight-module (Case C) transmitters were
used to investigate how the numbers of modules that are used influence the high
harmonic effects (Tyshko, A. et. al., 2016). These results were then evaluated to
determine the improvement of the transmitter’s life expectancy and metrological
capabilities vs. the transmitter’s increased complexity.

5.1. The Multimodule Topology of the Nuclear
Magnetic Resonance Transmitter

This analysis covers the results of the power switch dissipation related only to
the conduction losses of the current measured at the transmitter output. Other
internal power module losses, including those resulting from MOSFET
switching and gate control, were outside the scope of this research.

Leading vector V.4
Amplitude

Q1 Lf Cf

Symmetrical
phase shift Combined Vom Va

_mlﬂdl.ﬂa!ﬂl‘-tp I —1—

Carrier % % Lagging vector Vi,

Fig. 5.1. Simplified schematic diagram of the reference transmitter (Case A)

The simplest NMR transmitter (Case A), shown in Fig. 5.1, was used as a
reference and consisted of two power modules loaded with a resonant LC tank,
representing the NMR antenna, and a modulator (Dent, 1998). Each of two mo-
dules produced 50% duty cycle pulses for a maximum value of the fundamental
harmonic (/» = 500 kHz), which was used for the excitation of the antenna. The
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shapes of the envelopes and amplitudes of the antenna excitation pulses (shown
in Fig. 1.6) were controlled by means of a symmetrical phase shift +/—¢ between
the modules, which was induced according to the Chireix-Doherty outphasing
method (Chireix, 1935; Doherty, 1936; Perreault, 2011).

The parameters used in the simulations of the transmitter Fig.5.1 were: ope-
rational frequency was 500 kHz, pulse envelope as determined by the Hanning
function, duration was 100 us, DC bus voltage ranged from 450V to 600 V, an-
tenna voltage was 1 kV peak, duty cycle was 20%, antenna inductance L, = 1uH,
capacitance C, = 50 nF, filter L¢= 2 uH and Cr= 100 nF. The parallel resistor R,
was used for the simulation of the antenna’s losses, defined by the expression
O = RJ/wL,. For non-magnetic rock formations, ( depends upon the electrical
conductivity of such formations, which can be calculated using simulation pac-
kages such as ANSYS, etc. (Doty, 2007). For most formations, Q is in a range
from 10 to 100, and the R, simulation values are 30 Q for O =10, 90 Q for O =
30 and 300 Q for Q = 100 (Tyshko, 2014). The transmitter (Case A) consisted of
two full bridge modules, leading and lagging, and two combining transformers
TX1 and TX2. Each of the eight switches, forming two full bridge converters,
were made of four paralleled MOSFETs with Ryson 0.1 Q at 25 °C. Total number
of used MOSFET switches was 32. At high temperature, the MOSFET Ryson of
the IPW90R120 operating at 200 °C increased significantly and exceeded the
25 °C reference value by 4 times (see Fig. 3.7).

A block diagram of the proposed fully regulated, multimodule outphasing
sine voltage DC/AC converter/transmitter is presented in Fig. 5.2. Transmitters
Case B and Case C, which were based on the multimodule topology, employed a
simple method for the sequential cancellation of their multiple higher harmonics,
which combined the fixed a and variable ¢ phase shifts between two sets of in-
dividual modules, which are marked in Fig. 5.2 as Mod A (leading) and Mod B
(lagging). .

. The “ladder” style output voltages of both the leading Vjqq and lagging
Viag converters are shown in Fig. 5.3 as V1 for Case A, V2 for Case B and V3
for Case C. Those output voltages were formed by combining 50% duty cycle
module voltages using fixed phase shifts o, for cancelling the higher harmonics.

To cancel the single higher harmonic number # from the combined output
voltage of two modules, which produce identical pulses, these output voltages
have to be shifted by the angle or delay time o(n) that is equal to the half period
of this harmonic.

Ay = (5.1)

The amplitude V7, of harmonic »n of the discussed 50% duty cycle output
voltage of the full bridge modules, operating from DC bus Vg, can be described
as:
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4Vp

Vo= 7 5.2)

Such cancelling of the higher harmonics should be started with the lowest

number, the 3, then the 5% and then the 7" if needed, as they are carrying signi-

ficant power, sometimes exceeding the power of the fundamental frequency due
to the resonances in the output circuitries.

Leading vector Viead

Multiple output fixed delay module A
+p
lcu o2 Olm
Amplitude Mod A 1 Mod A 2 Mod A m
Symmetrical| | ———— T~~~ ~7 rm?’
phase shift Combined V,,,
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I o1 IU.Z Iam
-
> Multiple output fixed delay module B

Lagging vector [—/Iug

Fig. 5.2. Block diagram of the multimodule outphasing
sine voltage DC/AC transmitter

The number M of the modules required to cancel the total K harmonics from
the combined output is:

M = 2K, (5.3)

This means that when K = 1 (corresponding to M = 2), the 3" harmonic is
cancelled. If K = 2 (corresponding to M = 4), the 3™ and 5" harmonics are can-
celled, and if K = 3 (corresponding M = 8), the 3", 5", 7" harmonics are cancel-
led. An example of the formation of a ladder style voltage with cancelled 3%, 5%
and 7™ harmonics based on the use of eight modules is shown in Fig. 5.3.
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The multi-module transmitter combined output voltage vector Vout of the
fundamental harmonic is then the sum of the vectors of the leading set of modu-

les Vlead and the lagging set of modules V)lag .

Voltage phase shift/delay, us
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Fig. 5.3. Output voltages from eight properly phase shifted inverters which form the
ladder style combined output

Vout = Vieaa + Vlag- 54

A detailed expression based on the individual module output vectors for the
fundamental harmonic is:

Vpur = V€I (e10 Sk e~Jam 4 ¢J0 Sk g~Jam) (5.5)

where V; is the output amplitude of the first harmonic of each module, om is the
individual module fixed phase shift in reference to the carrier signal, ¢ is the
variable phase shift between leading lagging vectors used for amplitude control
and o is the frequency. The calculated fixed-phase shift am for each module is
the inner product of the module assigned binary code cn and array @, contai-
ning the fixed phase shifts required for the elimination of the K harmonics:
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Im = [Cm] ’ [q)n] (5.6)

where m is the module number, ¢ is the module assigned the binary code (actu-
al module binary number ranging from 0 to m — 1) and # is the eliminated har-
monic number. Matrix ¢, range is m-K. Fig. 5.4 shows this calculation algorithm
in a graphic form for 8 modules and for the boxed simpler topologies (from ori-
ginal Case A to Case B with cancelled 3™ harmonic to Case C with cancelled 3™
and 5™ harmonics).

Initial phase

a;=T/7
as=m/5 as=n/5
az=1/3 az=1/3 az=1/3 a;=1/3
1 2 3 4 5 6 7 8
0 n/3 n/5 n/5 n/7 n/7 n/7 n/7
n/3 n/7  m/s /5
n/3

ISR

Fig. 5.4. Phase shift calculation algorithm for 3, 5% and 7t harmonics cancelling

Table 5.1 shows the results of the phase shifts am calculations for one unre-
gulated DC/AC converter (leading or lagging) consisting of 8 modules produ-
cing quasi-sinusoidal voltage with cancelled 3™, 5" and 7" harmonics.

Table 5.1. Calculated total module phase shift (look up table K=3)

Module .. ioi
ModuleNo | o i I R
uni
m Cm n=7 n=5 n=3 Om [9:5ns]
1 000 0 0 0 0 0
2 001 0 0 /3 /3 35
3 010 0 /5 0 /5 21
4 011 0 /5 /3 n/3+ n/5 56
5 100 /7 0 0 /7 15
6 101 /7 0 /3 /3+ /7 50
7 110 /7 /5 0 /7T+ n/5 36
8 111 n/7 /5 n/3 2n/7+ /5 71
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In case of using the sets of digital delay lines Table 5.1 right column provi-
des required delay line output numbers proportional to the required time or pha-
se shift am per module, equal to 9.5 ns per unit for 500 kHz operation.

The additional phase shift ¢.r between the output voltages VI and V3
shown in Fig. 5.5 and Fig. 5.7 is due to the buildup of the fixed-phase delays:

1
Prefr = EZ%:l Om (5.7
Additional phase shift qpref —» «—

% &

z

o

Elwn

l_|_LL [ _\_LL
0 1 2 3 4 time, us ’

Fig. 5.5. Waveforms of converter voltages: the individual V1, V2 represents
the combined phase-shifted voltages with cancelled 3rd harmonic, V3 represents
the combined voltage with cancelled 3rd and S5th harmonics

It should be noted that each cancelled harmonic produces some losses in the
fundamental one. Each time when a higher harmonic was cancelled, the two
combined vectors had to be shifted as shown in Table 5.1, which resulted in a
decrease of the amplitude of the output signal of the fundamental harmonic. Fi-
nally, after combining the outputs of all the M modules with V; original values
of the fundamental harmonic and the cancelling of the K higher harmonics, the
value of the fundamental harmonic V; decreased down to Vi k.

Vig= M-V Tl gsinZ(1-2) (5.8)
where n =3, 5, 7... and K is the total number of the cancelled harmonics. This

decrease of the fundamental harmonic value V1 x was compensated by the pro-
per correction of the combining transformer ratio (Tyshko, 2014). The above
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described method produced an output voltage with cancelled harmonics that had
a fixed amplitude. However, since this voltage is proportional to the unstable bus
voltage, the transmitter needed the addition of the amplitude control based on
the Chireix-Doherty outphasing method.

The algorithm of Case B transmitter operation is shown in Fig. 5.6.

Variable
symmetrical phase
shift modulator

Carrier

Phase correction + /6

taeé'ing

Fixed a=n/3 a=n/3
delays |
Power

Modules 1 2 3 4

——————————————— F——

Leading vector Viead Lagging vector Viag

Combined variable amplitude output vector Vout

Fig. 5.6. Algorithm of Case B transmitter operation

The phasor diagram in Fig. 5.7 shows how this method works in the Case B
transmitter, in which the four module output voltages 171 to 174 form the leading
vector Vlead (in red), the lagging vector Vlag (in blue) and the combined output
voltage Vout (in green). The output voltages of modules 1 and 2 have relative
fixed phase shift n/3, which cancels the 3" harmonic from their combined Vlead.
The same phase shift /3 is set between modules 3 and 4, thus forming Vlag
with the cancelled 3™ harmonic. The resulting transmitter output voltage Vout
amplitude can be regulated from zero to Vs-4sin(w/3) by changing the variable
phase shift +¢ and -¢ from zero to /2 (1.3). During the amplitude modulation,
the combined output voltage phase stays unchanged and remains equal to the

fixed phase buildup ¢, = /6 (5.7). This phase shift can be corrected by the pre-
set phase shift + /6 of the sine carrier signal.
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180"

Fig. 5.7. Phasor diagram of Case B transmitter voltages

The algorithm of the Case C transmitter operation is shown in Fig. 5.8. The
eight modules form a quazi-sinusoidal voltage with cancalled 3" and 5" harmo-
nics. The carrier signal corrected phase shift (5.7) is + (/6 + 7/10).

Variable
symmetrical phase
shift modulator

Carrier
Phase correction + (n/6 +11/10)

ta&'l},&,

Fixed a=n/5 a=n/5
Koty a=m/3 a=n/3 a=n/3 a=n/3
— | 1 | ]
- - . 1
Power
Modules 1 2 3 4 5 6 7 8
Leading vector Viead Lagging vector Viag

Combined variable amplitude output vector Vout

Fig. 5.8. Algorithm of the Case C transmitter operation with cancelled
3rd and 5th harmonics
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In the ideal case, any desired level of combined output voltage spectral puri-
ty in the multimodule converter can be achieved by means of a simple replica-
tion of the above described process of harmonic cancellation, based on the
switching at the fundamental frequency and the fixed phase shifts between the
modules. In reality, however, the optimal number of cancelled harmonics and
the required number of power modules depends upon other criteria, such as imp-
roved tool life expectancy, the required harmonic purity and the tool accuracy
vs. cost and complexity.

5.2. Spectrum of the Output Current

For a comparative analysis, all three transmitters (Cases A, B, C) were operated
under the identical loads shown in Fig. 5.1 and utilized 32 MOSFET transistors.
The first simulated transmitter (Case A) used 2 modules with the switches con-
sisting of 4 paralleled MOSFETs (see the schematic shown in Fig. 5.1 and the
output voltage V1 shown in Fig. 5.5). The second transmitter (Case B) used 4
modules with 2 paralleled MOSFETs in each and produced output voltage with
the suppressed 3™ harmonic shown as V2. The third transmitter (Case C) emp-
loyed 8 modules with a single MOSFET power switch in each and produced
output voltage V'3 as shown in Fig. 5.5.

The transmitter output current was measured and the fast Fourier transfor-
mation (FFT) analysis was performed using the LTSpice software for the deter-
mining the module’s output RMS current (total) and of the first three most im-
portant higher harmonics (3", 5" and 7"). Power dissipated per switch (Psy) is
proportional to the MOSFET resistance Rason and the square of the drain RMS
current, which can be calculated as the sum of the squares of all harmonics 7, or
of the most important 1% to 7%, For practical calculations, the discontineous ()
was limited to seven (7).

Fsw = Rgson ° Z%:l 1121- (5.9

The spectrum of the output current is provided in Fig. 5.9 and Table 5.2 for
antenna with Q = 30 being its average value.

The total power, dissipated by the transmitter, consisting of multiple (2, 4
or 8) modules, and the values of the power per harmonic was calculated for 7; =
25 °C and a 20% duty cycle operation. As seen from Table 5.2, the power dissi-
pation of 6.98 W of transmitter Case A decreased to 1.69W for Case B and to
1.53 W for Case C in comparison to the Case A with removed 3™ and 5 harmo-
nics.
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Fig. 5.9. Harmonics distribution for transmitter Cases A, B, C for QO = 30

Table 5.2. Current harmonics distribution and MOSFET power dissipation at 25 °C

Harmonics ‘ Ist | 3rd | Sth 7th | Total
Case A, 2 modules
Harmonic current, A rms 4,39 14,67 2,34 1,44 18,68
2 modules power, W 0,39 4,30 0,11 0,04 6,98
Case B, 4 modules
Harmonic current, A rms 2,50 0,19 1,28 0,82 4,60
4 modules power, W 0,50 0,00 0,13 0,05 1,67
Case C, 8 modules
Harmonic current, A rms 1,50 0,06 0,08 0,34 2,19
4 modules power, W 0,72 0,00 0,00 0,04 1,53

Thus it could be concluded that the multimodule NMR transmitter using a
combination of the fixed phase shift method for the cancellation of its higher
harmonics and the outphasing method for the regulation of its amplitude allows
the generation of a sine voltage with cancelled higher harmonics. This has up to
4 times lower power dissipation, related to conduction losses, when the number
of modules is changed from 2 to 8.
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5.3. Signal to Noise Ratio Improvement by
Decreasing the Per Pulse Energy Consumption

The cancellation of the multiple higher harmonics decreases the energy per pulse
consumed from the capacitive energy storage. This allows the production of mo-
re power trains (experiments) from the same stored energy. This ability to con-
duct more experiments related to the same formation layer after statistical pro-
cessing of N, experiments increases the signal power (Psignal) in proportion to the
number N, and also the noise power (Pnoise) in proportion to the square root of
N.. The resulting signal to noise ratio (SNR;) and thus the resulting accuracy of
the NMR data thus increases as the square root of the number N. of the experi-
ments that are conducted (Coates, et al., 1999):

SNR, = 2sianal — /N« SNR, (.11

noise

where SNR; is the signal to noise ratio for a single experiment. This statement is
valid when thermal, non-correlated noise is the dominant factor affecting the
NMR signal. Table 5.3 illustrates the effect of changes in per-pulse energy on
the resulting SNR tool due to the cancellation of the higher harmonic when ope-
rating from typical 80J capacitive storage.

Table 5.3. SNR vs. per-pulse energy consumption

Antenna Q=10, highly conductive Case A Case B Case C
Energy delivered to antenna per pulse,J 0,633 0,600 0,596
Energy consumed from storage per pulse, J 0,690 0,637 0,627
Number of pulses 116 126 128
SNR relative to Case A, % 100 104 105
Antenna Q=30, low conductive

Energy delivered to antenna per pulse,J 0,220 0,212 0,209
Energy consumed from storage per pulse, J 0,259 0,227 0,220
Number of pulses 309 353 363
SNR relative to Case A, % 100 107 108
Antenna Q=100, non conductive

Energy delivered to antenna per pulse,J 0,067 0,065 0,064
Energy consumed from storage per pulse, J 0,104 0,077 0,072
Number of pulses 768 1046 1105
SNR relative to Case A, % 100 117 120
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Taking the SNR of Case A as a 100% reference, the SNR of Cases B and C,
depending on the formation conductivity and the resulting antenna losses, incre-
ases 17% and 20% respectively.

5.4. Increasing of Nuclear Magnetic Resonance
Transmitter Life Expectancy

An additional benefit gained by cancelling the harmonics is the decrease of the
power losses in the main transmitter components. Those components are switches
S1 — S8, consisting of paralleled MOSFETSs and power line filter capacitor set Co
with the equivalent series resistance Ro shown in Fig. 5.12. Simulation results of the
equivalent circuit (Fig. 5.12) demonstrated that the cancellation of the higher har-
monics significantly decreases the current flowing through filter capacitor Co.

Both the leading and the lagging converters’ bus currents flow through the
bus filter capacitor set Co and dissipate the power proportional to the each capa-
citor’s equivalent series resistance Ro and square of current flowing through each
capacitor. This classic approach is valid, however, only when the Ry provided in
the datasheets is the same for all the current harmonics. Experimental data for
the X7R capacitors (Fig. 4.4) shows a significant increase in Ry at the capacitors’
mechanical resonant frequencies. Such NMR transmitters need to operate at
multiple frequencies and at some of them, the filter current can in fact coincide
with the capacitors’ resonances. To keep the capacitors’ power dissipation at the
originally calculated acceptable level (marked in green), a cautious approach is
recommended when multiple capacitors (capacitor strings) are used to share the

filter ripple current.
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Fig. 5.12. Equivalent schematic of transmitter, filter and antenna
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For the investigated capacitors used at 50% of their maximum rated volta-
ge, the series resistance Ry at 465 kHz increased by 8 times according to the data
presented in Fig. 4.4 and Table 4.1. This required the 3 capacitor sets to be co-
nnected in parallel. Table 5.4 provides a comparative analysis of power dissipa-
tion in filter capacitor string of 12 capacitors having 50mQQ total resistance per
pulse unit for the Case A and Case B transmitters operating with 100us Hann
pulses. Row 1 shows capacitor current Co. This is 28.5A for Case A and 17.8A
for Case B with the cancelled 3" harmonic. Row 2 shows the energy dissipated
per pulse for Case A, which is 13.37mlJ, and for Case B, which is 5.37mJ, res-
pectively. It can be seen from Table 5.4 that reliable production of capacitor Co
can be obtained for the Case A transmitter using a 3 capacitor string. For Case
B, however, a string of only 2 capacitors is needed. Harmonic cancellation is
also beneficial for saving space in the transmitter. This is done by decreasing the
number of capacitors used in the filter, while maintaining the same reliability.

Table 5.4. Resonant losses in bus filter capacitors for Case A and Case B.

No Parameters Case A | Case B
1 | Capacitor Filter current, 100pus Hann pulse, A 28.5 17.8
2 | Energy dissipated with Ro = 0.05€, out of resonance, mJ 13.37 5.37
3 | Energy dissipated at resonance (8Ro), mJ 106.7 42.96
4 | Energy dissipated by each of 3 capacitors paralleled, mJ 11.88 4.77
5 | Energy dissipated by each of 2 capacitors paralleled, mJ 26.74 10.74

To assess the impact of the power dissipation and resulting temperature rise
on the life expectancy ¢, of the output stage MOSFET transistors, an approach
based on the Arrhenius law was used:

Ea

t, = C x ekt (5.12)

where T is the absolute temperature, £, is the apparent activation energy (in ge-
neral depending on T), C is a constant and £ is the Boltzmann constant (Calixto,
2012). In such MOSFETs, the power switch die (junction) temperature 7;
exceeds the ambient temperature T and the difference A7 is proportional to the
switch power dissipation Pj, which is the product of Rgson, the square of the RMS
drain current /4(20) and the thermal resistance junction to ambient Ri:

Tj=Ty+ ATj= Ty+ PRy, = Ty + R Rason 13- (5.13)
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It has been pointed out (Bayle, 2010), that the recommended value of the
apparent activation energy Ea has increased from 0.35 eV (MIL-HDBK-217F
notice 2, 1996) to 0.8 eV (MIL 217 plus, 2007) in just 15 years.

The accelerator factor AF (Calixto, 2012) or the ratio of the stressed tool li-
fe expectancy # at elevated temperature 7; to the original ¢, defined at tempe-
rature T, is represented by the expression:

E_A(L_L)
AF = e*'Tj 4", (5.14)

The accelerator factor AF was calculated using the recommendations of
MIL 217 plus, 2007, where the activation energy of the silicon used in tran-
sistor Ea = 0.8 eV. The power dissipated at 175 °C ambient temperature and
the resulting 7; were calculated for Cases A, B, C in two iterations based on
the increase of the IPW90R120 Rgson provided in Fig. 3.7 and for the
MOSFET drain harmonic currents shown in Table 5.2, Case B, according to
the expression (5.13).

The results are shown in Table 5.5, Table 5.6 and Fig. 5.13 for Ru
0.2 K/W and 0.5 K/W. It is obvious that the cancellation of the 3™ and 5™
harmonics makes it possible to decrease the conduction losses up to 2.3 times
for Ry = 0.5 K/W.

Table 5.5. MOSFET temperature 7j for 175°C ambient for Cases A, B, C

Ran =02K/W Ry =0.5 K'W
Q Case A Case B Case C Case A Case B Case C
10 188°C 183°C 183°C 213°C 195°C 195°C
30 183°C 177°C 177°C 198°C 180°C 179°C
100 183°C 176°C 176°C 196°C 178°C 177°C

The life expectancy can be calculated by transforming formula (5.14) to ¢, =
ty-AF, assuming that #,1 = 10 years at 175 °C. For Ri = 0.5 K/W, the temperatu-
re rises AT; decreased from 38 °C to 20 °C and the accelerator factor AF increa-
sed from 0.2 to 0.414 for low Q loads. Thus according to data presented in Tab-
le 5.6 the life expectancy was increased from 4 years to 9.2 years when
transmitter topology was changed from Case A to Case C in which higer harmo-
nics were cancelled. The gain in the life expectancy is increased with the increa-
se of the thermal resistance R junction to the ambient.
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Fig. 5.13. Accelerator Factor AF for Ry - 0.5K/W vs. antenna Q = 10, 30
and transmitter topology (Cases A, B, C)
Table 5.6. Accelerator Factor AF for 175C ambient, Cases A, B, C
Ry =02K/W Ry =0.5 K'W

Q Case A Case B Case C Case A Case B Case C
10 0.562 0.709 0.705 0.199 0.422 0.414
30 0.695 0.912 0.932 0.366 0.796 0.844
100 0.711 0.943 0.967 0.400 0.863 0.920

In conclusion it has to be noted that the cancellation of the higher harmo-
nics increases the NMR transmitter’s life expectancy up to two times depending
on the antenna losses and the transmitter to ambient thermal resistance.

5.5. Test and Evaluation of Transmitter with
the Cancelled Third Harmonic

To verify that such third harmonics cancellation in fact works, a conventional
NMR transmitter, used in the MRI Prime tool (Halliburton, 2008), was tested in
an experimental setup (Fig. 5.14). This transmitter was connected to the potted
filter/antenna module and tuned to 377 kHz, with O = 10. An antenna interface
408 makes multiple antennas 404 for operation as a transmitting or receiving
antenna. A RF transmitter 410 is coupled to the antenna interface 408 via a filter
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412 to provide a RF pulse to antenna during excitation phase, while a receiver
414 is coupled to the antenna interface via a low-noise amplifier (LNA) 416 to
detect echo signals during a measurement phase. The filter 412 passes a first
harmonic of the transmit signal while attenuating higher harmonics. The LNA
416 operates as a bandpass filter at the same time it amplifies received signals to
minimize any internal loss of signal-to-noise ratio. The receiver 414 down-
converts the received signals to a frequency suitable for the data acquisition
(DAQ) portion of the digital signal processor (DSP) 418.

The voltage was measured with a differential probe across antenna coil 404
and at the filter 412 input. The echo signals from Low Noise Amplifier 416 and
receiver 414 were not processed and antenna interface 408 was simply bypassed.
The test setup was connected to the uphole control module via interface 422.
The test setup energy storage 424 was connected to the DC power source and the
average consumed current was measured for the conventional configuration and
after modification, while producing the same 1000 V peak amplitude pulses at
the antenna.

422—] INTERFACE

420 i 410 4}2 408
DIGITAL | TRANSMITTER || FILTER || TX IN
MEMORY [ 5;GNAL
PROCERROR [™418 ANTENNA }\
414 INTERFACE
ENER. STORE 416 404
& POWER =
SUPPLY DAQ | | RECEIVER RX OUT
7
424

Fig. 5.14. Block diagram of tested NMR tool

Fig. 5.15 represents a more detailed block diagram of this transmitter. The
DSP generated signals 77, 12, Q1, 02, defined the excitation pulses, including
the pulse envelope and the control codes, which determined the carrier oscillator
512 frequencies. The symmetrical pulse width modulator 502 also included
comparators 514, 516, 524, 526 and the logic circuitries 518, 528 producing two
50% duty cycle signals S1 and S2, which operate the four half bridge power sta-
ges PI—P4 within the output transformers 510, 520. The secondary windings of
the transformers were connected in series and provided combined output voltage
TX exciting load 412, which included the resonant antenna and the series filter.
Transmitter output current 420 was measured with a high current AC/DC clip-on
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current probe. The spectrum of the output current is presented in Fig. 5.16 (F is

frequency).
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Fig. 5.15. Conventional NMR transmitter with antenna filter
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The operation (simplified) of the symmetrical pulse width modulator is
shown in Fig. 5.17, where the harmonic carrier signal carrier from oscillator 512
and the two opposite polarity modulation (envelope shaping) voltages Vam+ and
Vam- (inverted) turn on and off two triggers Leading S1 and Lagging S2 with the
symmetrical phase shifts +¢ and -¢, depending on the modulation voltage.
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Fig. 5.17. Set of leading and lagging pulses

For zero modulation, the voltage phase shift ¢ is zero and S7 and S2 coinci-
de in time. For maximum modulation, voltage equal to the carrier amplitudes S/
and S2 are in opposite phase (2¢ = ). The output power stages P/—P2 produced
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Fig. 5.18. NMR transmitter modification with 2 delay modules (1010, 1020)

50% duty cycle output voltage with leading phase +¢ and the power stages
P3-P4 produced 50% duty cycle output voltage with the lagging phase — ¢. The
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resulting Output voltage TX (Fig. 5.18) is shown in Fig. 5.19 as the Transmitter
output.

Voltage
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Fig. 5.19. Modified test transmitter (Case B). Output and antenna voltages
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Fig. 5.20. Spectrum of transmitter (Case B) output current

The transmitter modification shown in Fig. 5.18 included the addition of the
two fixed delay modules 1010 and 1020 in the control circuitries of the half
bridges P2 and P4 and the combining output transformers 510 and 520 were rep-
lacement by new ones with increased turn ratios from 1: 1 to 1: 1.15 in order to
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compensate for the partial loss of the fundamental harmonic according to
expression (5.8).

For cancelling the third harmonic from the output voltage, the delay A¢ had
to be equal to the 1/6 period of operational frequency 377 kHz or 0.442 us. Digi-
tal delay lines were used for this purpose. The resulting voltage at the output of
each of the two transformers 510 and 520 was similar to V2 in Fig. 5.5.

The Case B transmitter combined output voltage, measured with differential
voltage probes at the input TX of the filter, and the antenna output voltage are
shown in Fig. 5.19. Spectrum of transmitter (Case B) output current is shown in
Fig. 5.20 (F is frequency). The amplitude of the third harmonic in the transmitter
output current was reduced from 17A to less than 0.7A, which indicates that the
actual delay in the tested modified transmitter setup was not perfect.

Fig. 5.21 illustrates the variation of harmonics 1, 3, 5 and 7 amplitudes vs.
the phase shift between power modules P/ and P2 (P3 and P4) according to
expressions (5.1) and (5.2).

Vr Sin60°=0.866 Sin72°=0.951 Sin77°=0.975

10 Vv :‘e_f'
os Vn=l’g%l£’:os(na) \) ?’c
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Fig. 5.21. Harmonics relative amplitude change vs. phase shift

Test setup shown in Fig. 5.18 had delay circuitries 1010 and 1020 corres-
ponding to a w/3 phase shift, which means 1/6 of the period of the operating
frequency. For the 377 kHz operation the period was 2.65 us and the delay had



84 5. NUCLEAR MAGNETIC RESONANCE TRANSMITTER...

to be 0.442 us. With an exact delay, the output voltage third harmonic V3 could
be fully eliminated, thus producing a zero third harmonic output current. But the
residual 0.7 A, that is 0.041 of the original value, indicates that the actual delay
differed from 0.442 us. To assess the error in the delay circuitry, the Fig. 5.21
diagram, describing the changing of the first four harmonics vs. the shift
between two 50% rectangular pulses, was used. The third harmonic Vi is zero
for shift /3 (the first harmonic value drops to 0.866 of maximum). Any devia-
tion a from this angle thus produces a third harmonic relative to the maximum
value V3 value X.

X = 2= sin3a = 0.041 (5.15)

3

The deviation a = 0.78°. For period 2.65 us, the mismatching delay was cal-
culated as 5.8 ns. The relative delay error is only 0.013 or 1.3% of the total
required delay, which fits manufacturer’s tolerance 5% for the digital delay line
DS1110 by Maxim.

Finally it could be concluded that cancellation of the third harmonic in the
multimodule NMR transmitter was validated by experimentally testing the
transmitters based on Case A and Case B topologies. Also it was obtained that
the amplitude of the 3™ harmonic was decreased by 96% compared to the value
of that in Case A.

5.6. Conclusions of Chapter 5

1. The multimodule NMR transmitter which uses a combination of the
fixed phase shift method for the cancellation of output higher harmonics
allows the generation of a sine voltage with up to 4 times lower power
dissipation, related to conduction losses, when the number of modules is
changed from 2 to 8.

2. The resulting SNR of NMR tool, operating from typical 80 J capacitive
storage, due to the cancellation of the higher harmonic increases 17%
and 20% respectively for SNR of Cases B and C in comparison to the
SNR of Case A.

3. The cancellation of the higher harmonics of NMR transmitter with
thermal resistance of junction Ry = 0.5 K/W decreases the temperature
rise AT; from 38 °C to 20 °C and increases the accelerator factor AF
from 0.2 to 0.414 for low Q loads.This increase life expectancy from 4
years to 9.2 years even for high Q antenna loads.
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4. The effect of third harmonic cancellation in the multimodule NMR
transmitter was validated by experimentally. It was obtained that the
amplitude of the 3" harmonic was decreased by 96% in Case B compa-

red to the value of Case A.






General Conclusions

Present study aims at improving of Nuclear Magnetic Resonance (NMR)
downhole logging tools for the oil and gas industry. Based on the literature re-
view, the following conclusions can be drawn:

1. The different dielectric parameters of the investigated well fluids induce
detuning of internal NMR antenna during NMR downhole logging tools
operation. It requires using of additional tuning system which would be
able to mitigate the antenna detuning effect. However it increases the
complexity of the tool and result in higher costs and less reliability of
the NMR downhole logging equipment. For this reason a new NMR an-
tenna detuning mitigation methods, which could to replace the existing
ones are necessary.

2. The transmitter output current’s higher harmonics produce excessive
power dissipation, which increases the transmitter temperature and
decreases the tool’s reliability. The transmitter design needs to be reana-
lyzed and changed in order to decrease or to cancel out the higher har-
monics eminating from the transmitter output voltage.

3. The high voltage power MOSFETs, used in NMR transmitter operate in
a high temperature range exceeding the standard ratings provided by the
manufacturers. MOSFET drain-to-source resistance Ryson, Which defines
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the conductive power losses, needs to be investigated at high (up to
200 °C) temperatures in order to create behavioral models of Ryson de-
pendence on temperature and drain current.

. Reasently the mechanisms responsible for failures in the ceramic capaci-

tors due to the electrical fields were an object of intensive studies. The
unexpected X7R ceramic capacitors failures used in NMR tools filters
requires new analysis as to the actual behavior of such capacitors biased
by DC.

In result of NMR tool investigation the following main conclusions were obtai-

ned:

2.

An innovative design has been proposed for improving of NMR anten-
na by Faraday sheet. It enables significant (less than 1%) decrease in
the resonant frequency shift when electrical parameters of formation
fluid changes during NMR downhole logging tools operation. This ma-
kes it possible to perform measurements without the use of a special an-
tenna tuning system and allows the development of the first commercial
in-well NMR fluid analyzer.

New experimental data were obtained while investigating silicon
MOSFET transistors drain-to-source resistance (Rdson) behaviour at high
(up to 200 °C) temperatures. This investigation demonstrates that Rqson
dependence on the temperature is nonlinear and at 200 °C its value
increases 3 to 5 times compare to its value at 25 °C, depending on their
voltage rating and the values of the drain current. The improved Rdson
behavioral empirical expression in which the MOSFETs Rgson Was pro-
posed to be a function of two parameters: drain current /y and tempera-
ture 7. This expression was validated in the temperature range from
25 °C to 200 °C.

The investigation of X7R capacitors, widely used in NMR downhole
logging tools, demonstrated that these capacitors behave as piezoe-
lectric resonators which, when biased with DC voltage such mechanical
resonances increase these capacitors’ losses at resonant frequencies and
the probability of their failure. It was recommended that in order to mi-
tigate overheating and failures of these capacitors the single capacitor
has to be replaced with capacitors bank consisting of several capacitors
to share AC current.

The NMR transmitter conductive losses were investigated based on the
analysis of the harmonics content of the transmitter output current. It
was found that multimodule NMR transmitter which uses a combina-
tion of the fixed phase shift method for the cancellation of output higher
harmonics allows the generation of a quazi-sinusoidal voltage with up
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to 4 times lower power dissipation, related to conduction losses, when
the number of modules is changed from 2 to 8 while maintaining the
same number of transistors.

The resulting SNR of NMR tool, operating from typical 80 J capacitive
storage, due to the cancellation of the higher harmonic increases 17%
and 20% respectively for SNR of Cases B and C in comparison to the
SNR of Case A.

The cancellation of the higher harmonics of NMR transmitter with
MOSFETs thermal resistance to ambient Ry, = 0.5 K/W decreases the
temperature rise 47; of these MOSFET from 38 °C to 20 °C and increa-
ses life expectancy for low Q loads from 2 to 4 years; for high Q loads
this increases life expectancy from 4 years to 9.2 years.

The effect of third harmonic cancellation in the multimodule NMR
transmitter was validated experimentally. It was obtained that the amp-
litude of the 3™ harmonic was decreased by 96% in Case B compared
to the value of Case A.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Negiliy lengvyjy naftos ir dujy sausumos telkiniy mazéjimas, o taip pat padidéjes Siy
vertingy energijos iStekliy suvartojimas lémé didesnes jy kainas pasaulingje rinkoje. Ke-
tinimai pakeisti i$kastinj kurg atsinaujinanciais Saltiniais kol kas susiduria su rimtais
sunkumais, todél iskastinio kuro panaudojimas vis dar i§lieka aktualus. Taciau grezimo
i$laidy padidéjimas, ypac i§ platformy jiroje ir i§ specialiy laivy, reikalauja padidinti
grezimo greitj bei matavimy tiksluma i perspektyviausiy skaltiny ir dujy telkiniy. Todél
Sioje pramonés srityje labai svarbus uzdavinys yra greitai nustatyti angliavandeniliy bu-
guma. Klasikinis metodas, vertinant uolieny formaciju méginius, yra prasmingas tik i-
Simtiniais atvejais, nes trunka ilga laika ir yra brangus. Todél netiesioginiy, daugiausia
elektriniy bei fizikiniy metody, kurie yra labiau patikimi ir tikslis, panaudojimas yra
labai perspektyvus.

Darbo aktualumas

Neseniai didelé pazanga, tiriant ir vertinant naftos ir dujy telkiniy efektyvuma, buvo pa-
daryta taikant branduolinio magnetinio rezonanso (BMR) technologija. I3 greziniy ruo-
$iniy BMR biidu galima nustatyti ir atpazinti laisvo vandens ir naftos buvima geologiné-
se formacijose. Jie taip pat gali bati naudojami ir dujy i§ angliavandeniliy aptikimui. Sis
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metodas yra naudingas, kai kiti metodai neduoda pakankamai tikslios informacijos. Ta-
¢iau BMR technologijos taikymas reikalauja unikaliy galios elektronikos prietaisy vei-
kian¢iy aukstoje (iki +175 °C) temperatiiroje ir slégyje, siekianc¢iame net 2000 atm. D¢l
Sios priezasties yra didelis BMR jtaisy poreikis, kurie galéty atlikti tiesioginius geologi-
niy formacijy tyrimus giluminio grezimo metu su tikslumu ne mazesniu negu tas, kuris
ankséiau buvo gaunamas naudojant kitus metodus.

Tyrimo objektas

Disertaciniy tyrimy objektas yra BMR antena ir DC/AC keitiklis naudojamas jtaisuose,
skirtuose dujy ir naftos zvalgybai giluminiuose greziniuose siekiant nustatyti angliavan-
deniliy buvimo vieta ir jy savybes.

Darbo tikslas

Disertacijos tikslas yra apzvelgti BMR metodus, naudojamus vandenilio turin¢iy me-
dziagy (angliavandeniliy ir vandens) paieskai bei istirti galimybes patobulinti BMR an-
tena bei AC/DC keitiklj.

Darbo uzdaviniai

Darbo tikslui pasiekti buvo sprendziami Sie darbo uzdaviniai:

1. Istirti, kaip naudojant Farad¢jaus ekrana, jtaisyta tarp BMR antenos ir geologi-
nés formacijos, galima sumazinti skyscio elektriniy parametry jtaka BMR ante-
nos rezonansinio daznio kitimui.

2. Istirti aukStos jtampos (600-900 V) silicio MOSFET tranzistoriy santakos-
iStakos varzos jautruma temperatiiros pokyc¢iams aukstose (iki 200°C) tempera-
tirose.

3. Istirti X7R keraminiy kondensatoriy, naudojamy BMR naftos ir dujy greziniy
tyrimo jtaisy siystuvy filtruose, netikéto perkaitimo ir gedimo prieZzastis bei pa-
sitilyti $iy reiskiniy jtakos sumazinimo baidus.

4. 1stirti, kaip aukS$tesniyjy harmoniky pasalinimas daugelio moduliy siystuvuose,
naudojamuose BMR naftos ir dujy paieskos jtaisuose, leidzia padidinti jtaisy
gyvenimo trukme ir tiksluma.

Tyrimy metodika
Nagrinéjant darbo objekta taikyti Sie metodai:

— teoriné daugelio moduliy BMR keitiklio, veikian¢io Chireix-Doherty fazavimo
principu, amplitudés kontrolés analizé ir spar€ioji modulio i§¢jimo jtampos ir
srovés harmoniky Furjé transformacijos analizé, naudojant LTSpice programi-
ng jranga;

— aukstos jtampos (600—900 V) silicio MOSFET tranzistoriy santakos-istakos

varzos jautrumo nuo temperatiros ir auk$tujy harmoniky pasalinimo daugelio
moduliy BMR siystuve eksperimentinis tyrimas.
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Mokslinis naujumas

1. BMR jtaisas naftos ir dujy paieskai, kurio antena turi Faradéjaus ekrana, patal-
pinta tarp antenos ir geologinés formacijos, pasizymi nauja tokiy jtaisy konst-
rukcija. Siai konstrukcijai biidingas didesnis antenos rezonansinio daznio sta-
bilumas kintant geologinés formacijos elektriniams parametrams, jtaisas turi
mazesnius matmenis ir geriau tinka esant aukStam aplinkos slégiui. Tai leidzia
§j prietaisa panaudoti atliekant in-situ tyrimus giluminiy greZiniy uolienose.

2. Naujasis daugelio moduliy topologijos DC/AC keitiklis, kuris sudarytas i3 keliy
identi$ky maitinimo moduliy, veikian¢iy 50 % pagrindinio daznio darbo ciklu,
sumazina aukstesniyjy harmoniky sukeliama nenaudinga galios iSsiskyrima kei-
tiklyje, pagerindamas jo gyvenimo laika ir tiksluma, kai BMR jtaisas veikia e-
sant temperatirai iki 175 °C.

Darbo rezultaty praktiné reikSmeé

Panaudojus darbe atlikty tyrimy rezultatus, buvo sukurtas BMR ijtaisas, skirtas giluminei
naftos ir dujy paieskai, kurj sékmingai panaudojo Halliburton Energy Services kompani-
ja. Tai leido Siai kompanijai pasirasyti trejy mety, 400 milijony JAV doleriy vertés sutar-
ti su British Petroleum naftos zvalgybai Meksikos ilankoje. Halliburton L&P MRI-
Lab(TM) naudoja $ia branduolinio magnetinio rezonanso technologija nuolat stebéti
filtrato uZterStumo lygj greziniuose, siekiant sumazinti laika, reikalinga gauti Svary me-

ginj.

Ginamieji teiginiai

1.

Faradéjaus ekranas, jrengtas tarp branduolinio magnetinio rezonanso
(BMR) antenos rités ir tiriamo skysto méginio, sumazina antenos rezo-
nansinio daznio pokytj (iki 1% lygio), kintant méginio elektrinéms savy-
bés, iki lygio, kuris leidzia BMR ijtaisui, naudojamam naftos ir dujy
paieskai giluminiuose greziniuose, veikti be specialios elektroninés $io
daznio poky¢io kompensacijos sistemos.

Empyriné aukstos jtampos silicio MOSFET tranzistoriy santakos-iStakos
varzos priklausomybé nuo temperatiiros, kurioje jskaityta santakos srovés
jtaka, gerai (koreliacijos koeficientas 0,991-0,999) apraso silicio
MOSFET tranzistoriy elgsena temperatiiry intervale nuo 25 °C iki
200 °C.

Paveikus keraminius X7R kondensatorius, kurie yra pladiai naudojami
BMR siystuvy filtruose, pastovia jtampa, dél piezoelektrinio efekto zenk-
liai (16 karty esant 100V) iSauga $iy kondensatoriy nuoseklioji ekvivalen-
tiné varza. Dél ko padidéja X7R kondensatoriy galios nuostoliai ir iSauga
ju sugedimo tikimybé.

Daugelio moduliy BMR antenos siystuvas i§ silicio MOSFET tranzisto-
riy, naudojantis fiksuotos fazés poslinkio ir simetrinio kintamos fazés
postimio metodus, leidzia siystuvo i$¢jimo signale pasalinti aukstesnia-
sias harmonikas. Moduliy skai¢iaus padidinimas Siame siystuve nuo 2 iki
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8 padidina jtaiso veikimo resursa nuo 4 iki 10 mety, o signalo-triuk§mo
santyki 20 %.

Disertacijos struktiira

Darba sudaro jvadas, penki pagrindiniai skyriai, i§vados, literatliros saraSas, autoriaus
publikacijy disertacijos tema sarasas. Disertacijos apimtis — 98 puslapiai, 61 paveikslas ir
11 lenteliy.

1. Literataros Saltiniy apie branduolinio magnetinio
rezonanso jtaisus naftos ir dujy zvalgai giluminiuose
greziniuose apzvalga

Pirmajame disertacijos skyriuje atlikta literatiiros Saltiniy disertacijos tematika apzvalga.
Sis skyrius sudarytas i§ penkiy poskyriy. Pirmajame poskyryje glaustai aprasyti pagrin-
diniai budai, naudojami jvertinant iskastiniy angliavandeniliy $altiniy dydj bei efekty-
vuma, paZymima, jog iskastiniy angliavandeniliy poreikis vis dar yra labai didelis, todél
ypatinga svarba jgauna $iy iSkaseny zvalgybos sparta. Antrasis poskyris yra skirtas bran-
duolinio magnetinio rezonanso (BMR) efektui ir jo pritaikymui angliavandeniliy paies-
kai giluminiuose greziniuose. Jame pateikiamas BMR efekto apraSymas, BMR jtaisy
veikimo principas, signaly gaunamy $io jtaiso pagalba apdorojimas bei duomeny interp-
retavimas. TreCiajame poskyryje pateikiama BMR ijtaiso, skirto dujy ir naftos zvalgybai
giluminiuose greziniuose, blokiné schema ir veikimo principai. Ketvirtajame — aptaria-
mos ,,iSorinés“ ir ,,vidinés“ konstrukcijos BMR antenos. Penktajame — apra§ytas BMR
siystuvas ir svarbiausios jo dalys, t. y. keitikliy moduliai ir pagrindiniai komponentai —
MOSFET tranzistoriai bei X7R tipo kondensatoriai. Seitasis poskyris apibendrina litera-
tiros $altiniy apzvalga. Jame pazymima, jog BMR antena grezinio gilinimo proceso me-
tu gali patekti j jvairias geologiniy formacijy sritis, turin€ias skirtingus elektrinius para-
metrus, dél to keidiasi jos rezonansinis daznis ir nukenéia tyrimo tikslumas. Sios
problemos sprendimui naudojama papildoma elektroniné sistema, kurios valdymas yra
atliekamas i§ jtaiso grezinio pavirSiuje. Tai padidina BMR jtaiso, skirto dujy ir naftos
zvalgybai giluminiuose greziniuose, kaing ir gabaritus. Atkreipiamas démesys, jog BMR
keitiklio aukstesniyjy harmoniky indélis keitiklio i$¢jime yra didesnis, negu pagrindinés
harmonikos, naudojamos BMR antenos suzadinimui. Tai padidina nenaudinga galios
i8siskyrima keitiklyje ir sumazina §io keitiklio veikimo resursa. Pazyméta, jog efektyvus
biidas patobulinti BMR keitiklj yra §iy aukstesniyjy harmoniky paSalinimas, modifikuo-
jant keitiklio elektroning schema. Taciau Sio tikslo jgyvendinimui bitina gauti papildo-
my ziniy apie silicio MOSFET tranzistoriy veikima aukstose (iki 200 °C) temperattrose
ir atlikti didelio sukaupiamo energijos tankio X7R tipo keramikiniy kondensatoriy, nau-
dojamy BMR jtaiso filtruose, spektriniy nuostoliy analizg.
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2. Patobulinta ,,vidiné“ BMR antena su
Faradéjaus ekranu

Antrajame darbo skyriuje pateiktas autoriaus pasiiilytas metodas, leidziantis sumazinti
,vidinés“ BMR antenos rezonansinio daznio kitima, kintant grezinio geologiniy formaci-
ju elektrinems savybems. Sis skyrius sudarytas i§ dviejy poskyriy: pirmajame — itirta
kaip BMR antenos rezonansinis daznis priklauso nuo jvairiy aplinky, turin¢iy skirtinga
dielektring skvarba, antrajame — nagrinéjama BMR antenos konstrukcija, turinti papil-
doma Faradéjaus ekrana, patalpinta tarp BMR antenos ir tiriamos geologinés formacijos.

Geologinés formacijos jtaka BMR antenos rezonansiniam dazniui buvo tyrinéjama,
naudojant jranga, kuri buvo sudaryta i§ BMR antenos patalpintos j inda, uzpildyta aplin-
ka (skys€iu ar dujomis) imituojancia geologing formacija, sinusoidiniy signaly generato-
riaus, veikian¢io BMR antenos rezonansiniu dazniu, 5 V maitinimo Saltinio ir 400 MHz
dazniy ruozo oscilografo skirto matuoti sistemos geologiné formacija-BMR antena rezo-
nansinj daznj. Geologinés formacijos dielektrines savybes atspindéjo indo, uzpildyto
jvairiomis medziagomis, kurios dazniausiai aptinkamos naftos paieskos grezinyje, elekt-
riné talpa C/. Buvo istirtas rySys tarp svyravimo kontiiro, sudaryto i§ BMR antenos (in-
duktyvumas L/ = 1 pH) ir indo su geologinés formacijos imitacija, rezonansinio daznio
(fr) ir C1 vertés. Tyrimui buvo naudojamos §iy geologiniy formacijy imitacijos: oras (be
skys¢io), vanduo, nafta, miSinys sudarytas i§ 50% naftos ir 50% vandens, ir didelio
elektrinio laidumo stirus vanduo. Tyrimy rezultatai pateikti S.2.1 lenteléje.

S.2.1 lentelé. (L/-C1) kontiro rezonansinio daznio ir C1 talpos vertés

¢l elekm}l ©s talpos indo Rezonansinis daznis fr, MHz Talpa C1, pF
uzpildas

Oras 65,7 5.8
Nafta 58,7 7,3
Misinys: 50 % naftos ir 50 % 47,1 11,3
vandens

Distiliuotas vanduo 40,4 154
Sarus didelio elektrinio lai- 40,0 15,7
dumo vanduo

Kaip matyti i§ $ios lentelés, kintant geologinés formacijos elektrinéms savybés, pa-
pildoma (parazitiné) BMR antenos LC kontiiro talpa kito net 3 kartus. D¢l to rezonansi-
nis daznis pakito net 40 %. Sio tyrimo rezultatai buvo panaudoti BMR antenos konst-
rukcijos tobulinimui papildomai ivedant Faradéjaus ekrang.

Geologinés formacijos jtaka BMR antenos parazitinei talpai buvo sumazinta, patal-
pinant $ig antena j tus¢iavidurj varinj cilindra. Tokios antenos konstrukcijos schematinis
brézinys pateiktas 1S paveiksle. Siuo atveju BMR antenos spinduliavimo sukurtas elekt-
rinis laukas neprasiskverbia i geologine formacija, esanCia statmenoje antenos aSies
kryptyje, o pagrindiné informacija gaunama tik i§ srities, esan€ios antenos solenoido
vidinéje ertméje. Kaip parodyta S.2.2 lentel¢je, tokiu atveju stebimas labai silpnas fr ir
C1 kitimas, kintant geologinéms formacijoms.
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S 2.1 pav. BMR antenos su Faradé¢jaus ekranu konstrukcijos schematinis brézinys. 1-2 skyséiy
i¢jimas ir iS¢jimas, 3 — skys€iy srautas, 4 — pastovieji magnetai, 5 — siystuvo antena (solenoidas),
6 — matavimo kamera, 7 — Farad¢jaus ekranas, 8 — siystuvo-imtuvo antena

S. 2.2 lentelé. fr ir C/ kitimas BMR antenoje su Farad¢jaus ekranu

¢l elektlr;;;isl(;zlpos indo Rezonansinis daznis fk [MHz] Talpa CI [pF]

Oras 39 16,5
Nafta 38,4 17.1
Misinys: 50 % naftos ir 38.2 17,2

50 % vandens

Distiliuotas vanduo 38.1 17,3
Starus  didelio  elektrinio 38,0 17.4
laidumo vanduo

BMR itaiso, skirto dujy ir naftos zvalgybai giluminiuose greziniuose, prototipas su
patobulinta BMR antena, panaudojus Faradéjaus ekrana, buvo sékmingai iSbandytas
Halliburton L&P MRILab(TM) kompanijos eksploatuojamuose naftos ir dujy telkiniuo-
se. Bandymy rezultatai pateikti Sio skyriaus antrajame poskyryje.
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3. Silicio MOSFET tranzistoriy iStakos-santakos varzos
savybés aukstose temperatirose

Siekiant sukurti DC/AC keitiklj, kuris galéty biiti sékmingai panaudojamas maitinti
BMR anteng ir veikty aukstose (iki 175 °C ) temperatiirose, buvo atlikti tyrimai siekiant
nustatyti, kaip aukstos jtampos silicio MOSFET tranzistoriy, kurie yra naudojami BMR
keitikliuose, iStakos-santakos varza (Rason) priklauso nuo temperatiiros, kai pastaroji sie-
kia net 200 °C.

Siam tikslui buvo atlikta komerciniy silicio MOSFET tranzistoriy duomeny analizé,
kuri parodé, jog 50—-150 °C temperatiiry ruoze Rason eksponentiskai priklauso nuo tempe-
ratiiros, o $ios eksponentés rodiklis kinta nuo 1,2 (Zemos jtampos tranzistoriams) iki 3
(aukstos jtampos tranzistoriams). Buvo gauta, jog §is rodiklis auk$tos jtampos 600—
900 V silicio MOSFET tranzistoriams, kurie geriausiai tinka BMR keitikliams, yra 2,3.

Siekiant eksperimentiSkai nustatyti, kaip 600-900 V silicio MOSFET tranzistoriy
Rason priklauso nuo temperatiiros aukstose (iki 200 °C) temperatiirose, buvo sukurta ty-
rimo aparatiira, kurios blokiné schema pateikta S 3.1 paveiksle. Si aparatiira leido istirti
kaip Rason priklauso nuo temperatiiros, vienu metu matuojant santakos-iStakos itampa
(V) ir santakos srove (14).

. 10 ;:ziu F [E 3 [ ]
> ] s
1 e a E 6
3 0o
1. —_—
& ] B

S.3.1 pav. Jtaiso, skirto silicio MOSFET tranzistoriy santakos-iStakos varzos priklausomybés nuo
temperattros tyrimui, blokiné schema. 1 — pastovios jtampos 3altinis DC Lab PS 60B TENMA 72-
6615, 2 — impulsy generatorius Tektronix AFG3102, 3 — impulsy stiprintuvas IXD 0409,

4 — pastovios jtampos $altinis DC Lab PS 15B TENMA 72-6615, 5 ir 6 — diferencialiniai
stiprintuvai Pomona 6731, 7 — oscilografas Tektronix TPS2024

Buvo nustatyta, jog santykinai Zemose (25—100 °C) temperatiirose, esant pastoviai
MOSFET tranzistoriaus temperatiirai, Rqson tiesiskai priklauso nuo /g vertés, o Ryson prik-
lausomybés nuo /4 kreivés statumas ARgson/Alq yra tuo didesnis, kuo aukstesné tempera-
tira, taciau aukstose (iki 200 °C) temperatiirose Rdson NUO /g priklausomybé tampa rys-
kiai netiesiné.
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Buvo gauta, jog Rason priklausomybe nuo Iy ir T placiame temperatiiry ruoze gerai
apraso empyriné formulé (1):

SR
Rason (T 10) = Rasomre [1+2 (1) (555) " (83.1)

¢ia Rason.r yra MOSFET tranzistoriaus santakos-iStakos varza kai tranzistorius yra 25 °C
temperatiiroje esant standartinei santakos srovei (/;), @, b ir ¢ yra empyrinés konstantos.

S.3.2 paveikslas demonstruoja tipiskas santykio Rdson/Rasons priklausomybes nuo
temperatiiros, esant skirtingoms santakos sroviy /g vertéms. Istisinés linijos gautos nau-
dojant formule (1), kuri buvo panaudota atliekant BMR keitiklio modeliavima.

55 [ T T T T T T T 5,5 [ T T T T T T T ]
50H 4 A 50H & B5AF—
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0 50 100 150 200 0 50 100 150 200

Temperatira, °C Temperatira, °C

(a) (b)

S.3.2 pav. Dviejy skirtingy MOSFET tranzistoriy normuotos santakos-istakos varzos
(Rdson/Rason1r ) priklausomybés nuo temperatiros, esant skirtingoms /4 vertéms.
Normuota j Rason, Verte, esant standartinei tranzistoriaus srovei 20 A (a) bei 25 A (b), esant 25 °C
temperatlirai. Matavimy duomenys atvaizduoti taskais —
iStisiné linija gauta naudojant formule (1)

N

£3,5 \ ]
¥ 30f & 30} j;.‘*'

4. X7R keraminiy kondensatoriy tyrimas

Siame skyriuje pateikiami daugiasluoksniy keraminiy X7R tipo kondensatoriy, kurie
naudojami didelés galios BMR antenos maitinimo jtaisy filtruose, tyrimai. Siy tyrimy
tikslas — surasti bidus sumazinti galios nuostolius §iuose prietaisuose. Buvo istirta kaip
kondensatoriaus nuoseklioji ekvivalentiné varza (NEV) priklauso nuo pastoviosios jtam-
pos prijungtos prie §io kondensatoriaus (Vnc), kai §i itampa kito nuo 0 V iki 100 V, o
kondensatoriaus veikimo daznio diapazonas buvo iki 0,1 MHz.Tyrimy aparatiiros bloki-
né schema pavaizduota S4.1 paveiksle.



SUMMARY IN LITHUANIAN 107

_LCI

Pastovios R1 10uF |_ Induktyvumo
srovés saltinis matuoklis
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S.4.1 pav. X7R kondensatoriy impedanso tyrimo aparattiros blokiné¢ schema

Aparatiira sudaro pastovios (iki 100V) jtampos Saltinis, elektriné schema su tiria-
mais kondensatoriais (C1 ir C2) ir kondensatoriy impedanso matuoklis (WK 6500B).

Tyrimams buvo panaudoti daugiasluoksniai X7R (CKG57NX7R2A106M500JH)
tipo keraminiai kondensatoriai, kuriy talpa buvo 10 puF, o NEV 3.4 mQ, esant 100 kHz
dazniui. Maksimali pastovi jtampa — 100 V. Sie kondensatoriai buvo pasirinkti dél to,
kad jie yra pla¢iai naudojami BMR siystuvy keitikliuose.

| 21,23
£00.00u {
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S.4.2 pav. X7R (CKG57NX7R2A106M500JH) kondensatoriaus nuosekliosios
ekvivalentinés varzos (NEV) priklausomybé nuo daznio, kai V'pc= 0

Tipiska Siems kondensatoriams NEV priklausomybé nuo daznio, kai V'pc = 0, paro-
dyta S4.2 paveiksle. Kaip matyti i§ $io paveikslo, NEV spektrui §iuo atveju yra budinga
tik viena smailé atitinkanti 27 mQ vertés NEV.
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S.4.3 pav. X7R (CKG57NX7R2A106M500JH) kondensatoriaus nuosekliosios
ekvivalentinés varzos (NEV) priklausomybé nuo daznio, kai V'pc=50 V

Paveikus kondensatorius pastovia jtampa, jy talpa zenkliai pasikeité. Tai pasireiské
papildomy smailiy atsiradimu NEV spektre (zr. 6S pav.). Kai V'pc = 50 V, Siame spektre
atsiranda smailés, atitinkancios 316 kHz, 398 kHz, 465 kHz ir 1 MHz daznj. NEV, i8ma-
tuotos esant 465 kH dazniui, verté padidéjo nuo 8 mQ, kai Vpc = 0V, iki 24 mQ, kai
VDC =20 V, iki 62 mQ, kai VDC =150 V, ir iki 126 mQ, kai VDC =90 V.

Buvo padaryta i§vada, kad tokie placiai naudojami X7R kondensatoriai elgiasi kaip
pjezoelektriniai rezonatoriai, jeigu yra paveikiami pastovios jtampos. Toks mechaninis
rezonansas padidina Siy kondensatoriy galios nuostolius ir jy gedimo tikimybe. Todél
rekomenduojama BMR antenos maitinimo sistemos filtruose naudoti kondensatoriy ba-
terijas, sudarytas i§ tokios pacios talpos kondensatoriy.

5. Branduolinio magnetinio rezonanso siystuvas neturintis
aukstesniyjy harmoniky

Siame skyriuje aprasoma nauja BMR antenos siystuvo konstrukcija, veikianti esant
175 °C aplinkos temperatiirai. Jis sudarytas i§ keliy moduliy, kurie sujungia kelis vieno-
dos galios moduliy ,,meandro*“ formos signalus. Tai leidzia generuoti signalg artima si-
nusiniam, t.y. su mazu papildomy harmoniky kiekiu ir realizuoti efektyvy amplitudés
valdyma. Tai pasiekiama, sukuriant pastovy faziy postimj tarp moduliy. Amplitudés
valdymas buvo pasiektas, naudojant Chireix-Doherty moduliacijos principa. Parodyta,
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jog palyginti su dviejy moduliy siystuvu, tokiame daugelio moduliy BMR siystuve iki
20 % padidéja signalo-triuk§mo santykis (STS) ir padidéja jtaiso tarnavimo trukmé.

Skyriy sudaro penki poskyriai ir i§vados. Pirmajame nagrinéjama daugelio moduliy
BMR siystuvo topologija. Jo blokiné schema pavaizduota S5.1 paveiksle. Ji sudaryta i§
keliy siystuvy: elementaraus siystuvo (A tipas) turin€io tik 2 keitiklius (modulius), B
tipo, turin¢io 4 modulius ir C tipo su 8 moduliais. Nors daugelio moduliy BMR siystuvas
gali turéti » moduliy, Sioje disertacijoje buvo nagringjami tik A, B, ir C tipo siystuvai,
nes siystuvai su didesniu kiekiu moduliy Zenkliai nepagerina aukstesniyjy harmoniky
panaikinimo efekto.

Signaly vélinimo sistema A moduliams
+p
l a1 a2 Clen
Moduliacljos signatas Mod A 1 Mod A 2 Mod A m
----- rw\—'—v.
Faziy v
moduliatorius aul
Pagrindinic
danio signalas Mod B 1 Mod B 2 Mod B m
T T Tam
-
Signaly vélinimo sistema B moduliams

S.5.1 pav. Daugelio moduliy BMR siystuvo blokiné schema

Daugelio moduliy siystuvo, kurio i§éjime néra aukstesniyjy harmoniky, veikimas
yra paremtas atskiry A tipo siystuvy i$¢jimo signaly sinchronizavimu, naudojant dauge-
lio pakopy uzdelsimo sistema. Sios sistemos veikimo algoritmas siystuvui, kurio i¢jime
néra 7-tos harmonikos, pateiktas S5.2 paveiksle. A tipo siystuvo fazé¢ ¢ = 0°, todél jo
i8¢jime yra visos harmonikos, B tipo siystuvo fazé ¢ = n/3° ir todél $io siystuvo i§éjime
néra 3-osios harmonikos. C tipo siystuvo topologija yra tokia, kad 3-asis elementarusis
siystuvas turi ¢ = n/5° fazg, o 4-ojo fazé atzvilgiu 3-ojo yra ¢ = n/3°. Todél C tipo siys-
tuvo iséjime néra 3-osios ir 5-osios harmonikos.



110 SUMMARY IN LITHUANIAN

Pradiné fazé = f?
=S as=nf5
i i
f_ mry= M3 : @y nf3 =13 ay=Tf3

1 2 3 4 5 [ 7 ]
o i3 nfs n/s nf7 n/7 n/7 n/7
n/3 nf7 n/s nf%
i3

\ \
= :
S.5.2 pav. Faziy postiimio algoritmas 3-¢ios, 5-tos ir 7-tos harmonikos panaikinimui

Antrajame poskyryje aprasomi A, B, ir C tipo BMR siystuvy i$¢jimo signalo har-
moniky spektrai. Siystuvy i$é¢jimy srové buvo modeliuojama. 3S lentelé rodo, sparcio-
sios Furjé transformacijos analizés biidu (LTSpice programa) gauty, pirmujy trijy svar-
biausiy aukstyjy harmoniky (3-ios, 5-os ir 7-0s) efektinés srovés vertés.

S.5.1 lentelé. A, B ir C tipo siystuvy srovés harmonikos ir MOSFET tranzistoriuose issiskirianti
galia

Harmonikos | 1-moji | 3-Cioji | 5-toji | 7-toji | Visos

A tipas, 2 moduliai

Harmonikos srovés 4,39 14,67 2,34 1,44 18,68

efektyvioji verté, A

2 moduliy galia, W 0,39 4,30 0,11 0,04 6,98
B tipas, 4 moduliai

Harmonikos srovés 2,50 0,19 1,28 0,82 4,60

efektyvioji verté, A

4 moduliy galia, W 0,50 0,00 0,13 0,05 1,67
C tipas, 8 moduliai

Harmonikos srovés 1,50 0,06 0,08 0,34 2,19

efektyvioji verte, A

8 moduliy galia, W 0,72 0,00 0,00 0,04 1,53

Kaip matyti i§ S5.1 lentelés, galios sklaida nuo 6,98 W A tipo siystuvo atveju su-
mazgéjo iki 1,69 W B tipo siystuvui ir iki 1,53 W C tipui, kuriame buvo pasalinta 3-ji ir
5-ji harmonikos.

Treciajame poskyryje parodyta kaip aukstesniyjy harmoniky panaikinimas sumazi-
na vieno impulso metu i§ talpuminio energijos $altinio sunaudota energija (S5.2 lentelé).
Tai leidzia padidinti impulsy skai¢iy matavimo impulsy serijoje, dél ko padidéja signal-
triuk§mo santykis (STS).
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S.5.2 lentelé. STS ir matavimo impulsy kiekis skirtingiems siystuvy tipams

Antenos kokybe O=10 A-tipas B-tipas C-tipas
Energija suteikiama antenai vieno impulso 0,633 0,600 0,596
metu

Energija sunaudojama i$ $altinio vieno impul- 0,690 0,637 0,627
so metu

Sugeneruoty impulsy skai€ius 116 126 128
STS A-tipo siystuvo atzvilgiu, % 100 104 105
Antenos kokybe 0=30

Energija suteikiama antenai vieno impulso 0,220 0,212 0,209
metu

Energija sunaudojama i$ Saltinio vieno impul- 0,259 0,227 0,220
so metu

Sugeneruoty impulsy skaicius 309 353 363
STS A-tipo siystuvo atzvilgiu, % 100 107 108
Antenos kokybé O=100

Energija suteikiama antenai vieno impulso 0,067 0,065 0,064
metu

Energija sunaudojama i$ Saltinio vieno impul- 0,104 0,077 0,072
so metu

Sugeneruoty impulsy skaicius 768 1046 1105
STS A-tipo siystuvo atzvilgiu,% 100 117 120

Ketvirtame poskyryje nagrinéjama kaip aukstesniyjy harmoniky panaikinimas
BMR siystuvo is¢jime padidina Sio jtaiso darbo resursa. Skaitmeninio modeliavimo
rezultatai parodé, kad aukstesniyjy harmoniky panaikinimas gerokai sumazina sroves,
tekancios per filtro (X7R tipo) kondensatoriy, verte. S5.3 lentelé rodo kaip pasikeiia
rezonansiniai galios nuostoliai BMR siystuvo filtro kondensatoriuje A ir B tipo siystu-
vuose. Kaip matyti i§ $ios lentelés, patikimam filtro kondensatoriaus darbui, A tipo
siystuvo atveju reikia, kad filras biity pagamintas i§ 3-jy X7R kondensatoriy sujungty
lygigreciai, taciau B tipo atveju uztenka 2-jy tokiy kondensatoriy. Aukstesniyjy harmo-
niky panaikinimas leidzia sumazinti ir kondensatoriy skai¢iy filter, dél to sumazéja
BMR siystuvo matmenys.

Taip pat Siame poskyryje pateikiami daugelio moduliy BMR siystuvo DC/AC kei-
tikliy veikimo resurso tyrimai. Atlikti skaiiavimai parodantys kokia galia iSsiskiria
IPW90R120 tipo MOSFET tranzistoriuose A, B, ir C tipo siystuvy atveju, kai aplinkos
temperatiira lygi 175 °C. Ivertintas §iy tranzistoriy temperattiros padidéjimas (A7)), kuris
panaudotas DC/AC keitikliy veikimo resurso trukmés (¢,1) jvertinimui. Parodyta, jog £
iSauga nuo 4 mety iki 9,2 mety, kai siystuvo topologija kinta nuo A iki C tipo.

Penktajame poskyryje pateikiami daugelio moduliy siystuvo eksperimentinio is-
bandymo rezultatai panaudotojus jtaisa, kurio schema parodyta S5.3 paveiksle.
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S5.3 Lentelé. Rezonansiniai galios nuostoliai BMR siystuvo filtro kondensatoriuje A ir B tipo
siystuvuose

Nr. Parametras A-tipas B-tipas

1 Srove tekanti per filtra (A), kai impulso 28.5 17.8
trukme 100 ps,

2 Energija (mJ), iSsiskirianti ne rezonanso 13,37 5,37
atveju, kai kondensatoriaus ekvivalentiné
nuoseklioji varza Ro=50 mQ

3 Energija (mJ), iSsiskirianti rezonanso atveju, 106,96 42,96
kai kondensatoriaus ekvivalentiné nuosekli-
oji varza 8Ro

4 Energija (mJ), iSsiskirianti kai filtro konden- 11,98 4,77
satoriy schema sudaro 3 kondensatoriai
5 Energija (mJ), iSsiskirianti kai filtro konden- 26,74 10,74

satoriy schema sudaro 2 kondensatoriai

S.5.3 pav. BMR siystuvo bandymo aparatiiros blokiné schema ir signaly perdavimo keliai.
1 — RAM, 2 — pastovios jtampos $altinis ir kondensatoriy baterija, 3 — procesorius, 4 — aparatiné
sasaja, 5 — BMR siystuvas, 6 — filtras, 7— BMR antena ir jos sgsaja,
8 —zemo triuk$mo signaly stiprintuvas, 9 — imtuvas

Srové, A
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5
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S.5.4 pav. B-tipo topologijos BMR siystuvo i$¢jimo srovés spektras
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S5.4 paveiksle pateikti $iy bandymy rezultatai, rodantys jog daugelio moduliy BMR
siystuvo i§¢jime yra Zenkliai ( iki 96%) sumazinta 3-sios harmonikos itaka.

Bendrosios iSvados

Remiantis literatiiros apzvalga buvo padarytos §ios pagrindinés i§vados:

1.

Skirtingi tiriamy grezinio skys¢iy dielektriniai parametrai sukelia BMR ante-
nos rezonansinio daznio poslinkj. Todél siekiant sumazinti Sio daznio pokyti,
reikia panaudoti papildoma pakankamai sudétinga rezonansinio daznio paderi-
nimo sistema. Dél to BMR jtaisas padidéja, jo kaina iSauga bei sumazéja jtaiso
patikimumas. D¢l §ios priezasties reikia istirti galimybes sukurti nauja BMR an-
tena, kurioje Sie trikumai bty pasalinti.

BMR siystuvo i$¢jimo srovéje aukstosios harmonikos i$skiria papildomus ga-
lios nuostolius, o tai padidina BMR siystuvo temperatiira ir sumaZina jtaiso pa-
tikimuma. Todél tikslinga sukurti tokia siystuvo topologija, kuri leisty panaikin-
ti arba bent jau Zzenkliai sumazinty aukstesniyjy harmoniky dalj siystuvo
i§¢jimo jtampoje.

Aukstos jtampos MOSFET tranzistoriai, naudojami BMR siystuve, privalo
veikti plac¢iame temperatiiry (7) intervale, kuris yra didesnis negu leidziamas
pagal $iy tranzistoriy gamintojy standartus. MOSFET santakos-i$takos varza
(Rdson), kuri apsprendZzia energijos nuostolius tranzistoriuje, turi bati tirta auks-
tose (iki +200 °C) temperatiirose. Tokie tyrimai pasitarnauty Rgson U0 7 ir san-
takos-istakos srovés (/) priklausomybés aukstose temperatiirose nustatymui.

Pastaruoju metu buvo intensyviai tiriami procesy, i§Saukian¢iy keramikos kon-
densatoriy gedimus dé¢l elektriniy lauky poveikio, mechanizmai. X7R tipo ke-
ramikos kondensatoriy, plagiai naudojamy BMR jtaisy filtruose, gedimai reika-
lauja papildomy tyrimy, tokiy kaip kondensatoriy savybiy pokytis, paveikus
juos pastovia elektrine jtampa.

Apibendrinant tyrimy rezultatus buvo padarytos §ios i§vados:

1.

Disertacijoje buvo pasitilyta nauja BMR antenos konstrukcija su papildomu Fa-
radéjaus ekranu. Tai leido (iki 1 %) sumazinti BMR antenos rezonansinio daz-
nio kitima, kintant giluminiame grezinyje aptinkamy medziagy (skysc¢iy) elekt-
riniams parametrams. Tai sudaré salygas atlikti matavimus, nenaudojant
specialios antenos derinimo sistemos, ir sukurti pirma komercinj grezinio sky-
s¢iy BMR analizatoriy, veikantj realiame laike (in-situ).

Nauji eksperimentiniai duomenys buvo gauti, tiriant silicio MOSFET tranzis-
toriy santakos-iStakos varzos (Rasn) savybes aukstose (iki 200 °C) tem-
peratiirose. Sis tyrimas parodé, kad Ruson priklausomybé nuo temperatiiros yra
netiesing ir Rgson verteé, priklausomai nuo santakos-istakos srovés /g, gali bati 3—
5 kartus didesné uz ta, kuri teka, kai MOSFET tranzistoriaus temperatiira yra
25 °C. Pasitilyta nauja empyriné formulé, apraSanti Rgson priklausomybe nuo
temperatiiros, kurioje jskaityta ir /4 jtaka. Eksperimentis$kai parodyta, jog Si
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formulé gerai apraso Rason priklausomybes nuo 7 ir /4 silicio MOSFET tranzis-
toriams temperatiiry intervale nuo 25 °C iki 200 °C.

Nustatyta, jog placiai naudojamy BMR siystuvy filtruose keraminiy X7R kon-
densatoriy galios nuostoliai iSauga, paveikus Siuos kondensatorius pastovia e-
lektros jtampa. Tai yra i§dava sustipréjusio pjezoelektrinio efekto, kuris padidi-
na X7R kondensatoriy sugedimo tikimybe. Darbe pasiilyta sumazinti jy
perkaitima, panaudojus schema, sudaryta i§ keliy lygiagreciai sujungty vienody
kondensatoriy.

Tyrimai parodé¢, kad daugelio moduliy BMR siystuvas, kuris naudoja fiksuoto
fazés poslinkio metoda sumazinti aukstesniyjy harmonikuy jtaka siystuvo sinusi-
niame i$é¢jimo signale, leidzia iki 4 karty sumazinti elektros energijos nuosto-
lius, kai moduliy skai¢ius padidéja nuo 2 iki 8.

Signalo-triuk§mo santykis BMR jtaise, veikian¢iame su tipiskos 80 J energijos
talpuminiu $altiniu, dél auks$tesniyjy harmoniky jtakos sumazéja B ir C tipo
BMR siystuvy atveju atitinkamai iki 17 % ir 20 %, lyginant su signalo-triuk§mo
santykiu A tipo siystuve.

Aukstesniyjy harmoniky BMR siystuve, kuriy MOSFET tranzistoriy §iluminé
varza Ry = 0,5 K/W, panaikinimas sumazina MOSFET tranzistoriy temperati-
ros padidéjima AT; nuo 38 °C iki 20 °C ir padidina jtaiso resursa nuo 4 mety iki
9,2 mety.

Treciosios harmonikos panaikinimo poveikis daugelio moduliy BMR siystuve
buvo patvirtintas eksperimentiskai. Buvo gauta, kad 3-osios harmonikos ampli-
tudé sumazéja 96 % B tipo siystuve lyginant su A tipo siystuvu.
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