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MepiAnyn

Ta NAEKTPOVIKA GUCTAPOTA TTOU XPNOIUOTTOIOUVTAl YIa £EUTTVEG EQAPUOYEG  €AEyXOU 1I0XUOG
6Ao Kkal TTEPIOCOTEPO eyKabioTaTal o€ KIVNTAPEG NAEKTPOKIVATWY OXNUATWY, WNXAVES Kal
EVEPYOTTOINTEG VIO QKPIP UTTOAOYICWO: a) TG B£€0NG Kal TnNG TTPOCAPPOYAS Kivnong, B) Tng
I0XU0G Kal TNG pUBUIONG POTING, Y) TNG BEATIOTOTTOINGN TNG ATTOBOTIKOTNTAG IGXUOG, Kai 8) TNG
eColkovopiong evépyelag. H Aeiroupyia Twv ev Adyw eAeykTwy Baciletal katd KUpIo Adyo o€
NAEKTPIKOUG a10ONTAPEG PEUPATOG IKAVOUG va KATaypd@ouv HE PEYAAn akpiBeia TTaAPIKA
pevpara Tmou Troikidouv atmd DC £wg ouxvOTnTeEG TOGO UYWNnAEG 600 100 KHz kai Tnv péTpnon
PEUNATWY e puBPOUG PETABOAAAG TOCO uwnAolg 6co 10GA/sec. AuTh n atraitnan B€Tel Tov
KaBopioud Tou €Upoug Cwvng Tou aloBnTipa TouAdxioTov ico pe 1MHz yia péyioTo TTAGTOG
pevpaTog ico pe 5KA kai avdAuon 0.02%. EmittAéov, 01 GUYXPOVESG EQapUOYEG EAEYXOU 10XU0G
armaitolv avixveuon peupatog o€ TTOAAGTTAOUG aywyoug Ol OTToiol TOTTOBETOUVTAl TTUKVA
METOEU Toug. O avwTépw TTEPIOPICUOG BETEl TTEPIOPIOUOUG OGOV aQopd TIG BIACTACEIS TOU
aiodnTApa Kal T0 KOOTOG, KABWG Kal TNV améoTacn avauesa oToug alobnTipeg Kal aToug
aywyoug pevuuyatog. H oTtaBepotroinon Tng Beppokpaciag e€ival pio akOua onuavTiKh
TTAPAPETPOG TTOU ETTIPEALEI ONUAVTIKA TNV ATTOd0CN TWV CNUEPIVWV aIoBnTrpwy, €I0IKA OTNV
TEPITTITWON TWV BIOUNXAVIKWY EQapUoywy, 6TTou uTToBAAAovVTal 0 PEYAAEG OIOKUUAVOEIG TNG

Beppokpaaiag.

H SouAeid mou éxer yivel yi authy Tnv didakTopikn diatpin ival TpAua Tou épyou IHACS. To
épyo IHACS oToxelel otnv avamTuén JIag vEéag OIKOYEVEIOG aTTd TTOAU HIKPOUG, yaABavikd
QTTOMOVWHEVOUG, avolKToU-Bpdyxou, eupeiag Cwvng CUXVOTATWY, auTo-BaBuovouoUuevoug,
NAEKTPIKOUG aioOnTApPeS. O NAEKTPIKOG aioBNTAPAG TTOU XPNOCIYOTTOIEITAl €ival NAEKTPIKOG

ai00nTpag Tou Baacietal oTo Yaivopevo Hall.
H didakTopikr diaTpIfr) atroTteAeital atrd dUo TUAATA:

a) Tnv avamrtuén oe Matlab evég 2-didotacTtou [lNMpocopoiwth yia DiAtpa TMediou
Avoppeupdtwv.

b) Tov oxedlaoud evdég Meydhou EUpoug Zwvng XuyvoTATwyv MayvnTopéTpou yia

e@appoyEG HAekTpikwv AloBntApwyv (Avaloyikéd KUukAwpa).

‘Eva amdé T1a Bacikd mapaonTikd @aivopeva Twv aiodBntipwyv Hall kal Twv nuiaywywv
yevikOTEpa eival Ta SivoppelpaTa Ta OTToia €I0AyovVTal OTNV ETTIQPAVEID TOU NUIAYywyoU.
E¢artiag Tng TTapouaciag Tou ac peupaTtog diEyepang o€ pia ouokeun Hall, Tapdyetar ac auto-
MayvnTiké Tredio. Ta TuAuaTa UWnAng ouxvoetnTag Tou payvnTikou Trediou  elodyouv
divoppeupara otnv TAdka Hall. Autd 1o payvnTikd 1Tedio avaykdlel 1o pelya va atto@uyel To
KEVTPO Kal va OUYKeVTpwOEl oTa dkpa TNG TOUAS TNG TTAAKAG. AuTO TTPOKaAEl TNV auénon Tng
avTtioTaong TG TTAAKAG OTIG UWNAEG ouxvoTnTeG. AUuTa Ta divoppelpaTa TTapevoxAouv Tnv

opolduop®n por Tou pPeUPaTog TTOAwONG péoa otnv TAAka Hall, karaoTpépovrag Tnv
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euaigbnaia NG TTAGKaG akdua kal o XapnAég DC aguyvornreg. Auto eival €va un-ypauuIKo
QAIVOUEVO, Gpa £va YPOUMIKO NAEKTPOVIKO @IATpo Otv UTTOPEi va xpnoidoTroinBei yia va
QIATPAPEI TIG UYPNAEG auxvoTnTeS. H TTpdBean eival n dnuioupyia piag cuokeung SlapdpPewaong
ponfg €10l WOTE va QIATpapIoToUv Ta uywnAdouxva (TTapacnTikd) Turuata. ‘Eva epyaheio
AoyIopIKOU avoIKTOU KWwoIKa £xel ypagei o€ yAwooa Matlab kai rapouaidletal dw. Autd 10
EPYOAEIO €xel TNV IKAVOTNTA va AUvel 2-01A0TATA, NUI-OTATIKG NAEKTPOMAYVNTIKA TTPOBAARUATA
Méoa Kal yUpw aTTd aywyoug peUPaTOS Kal/fj aywYIPES AoTTIOEG KAl ovouadeTal NpoCouoIWTAG
MayvnTikoU Tlediou. Auté T1O0 €pyaAeio CAD TO oOToio €xel avaTrtuxBei utTopei va
XPNOIMOTToINBE yIa VA TTPOCOUOIWACEI TNV CUUTIEPIPOPE AOCTTIOWV £T01 WOTE VA ETTIAEYEI QUTA N

oTToia PTTOPEI Va XpnoldoTToIinBEi o BEATIOTA.

To deUTEPO KOPPATI AUTAG TNG BIBAKTOPIKAG SIaTPIRAG €ival £va KalvoUuplo JayvnTOUETPO Yia
EQApPPOYEG aIoONTAPWY PEUPATOG, TO OTTOI0 £XEl HEYAAO €UPOG CWVNG CUXVOTATWY TO OTTOI0
Kudaivetal amé DC péxpl kai IMHz. TNa va emteuxBei aut n Asimoupyikdtnta €Xouv
xpnoigotroinBei dUo TUTTOI PayvNTIKWY aiodnThpwy, €vag yia Ta TUAPATO  XOUNAwv
OUXVOTATWV Kal £€vag yia TIG upnAég auxvotnteg. Mia Hall ouokeur) €UTTNPETEl TOV TTPWTO
okoT1ré Kai éva pick-up trnvio eguttnpetei Tov deUTepo.EEaitiag TNG TdoNG avTioTdduiong Kail TG
otaBepotroinong TG Bepuokpaciag, o1 Hall aioBntipeg Trepiopiovial g PETPAOEIS
OUXVOTATWYV PEXPI MEPIKG KHz. H AsitoupyikdTnTa TOu pick-up TTnviou dev eival KaAf o€ DC,
OAAG oupTTEPIQPEPETAl KA O UWPNAOTEPEG CUXVOTNTEG. TO KUKAWWPA TTOU TTAPOUCIAZETal £QW
ouvevvwvel Ta ofpata ammd Tov Hall aicbntApa kai atmd 1o pick-up mnvio. O oT1dx0g cival va
AN@Bei pétpnan otnv €€0d0o n otroia va cival eTTiTedn oTo TEdIO TNG CUXVOTNTAG WEXPI TO 1
MHz €101 wote va gival duvatdg o UTTOAOYIOUOG TNG PETPNONG Tou aiobntipa peUPaTOG.
JupepIAauBAaveTal 0 KUKAWMATIKOG OXEDIAOUOG, ATTOTEAEOUATA TTPOCOUOIWTEWY, KATAOKEUN
Kal  oTroTeAéOPOTa  PETPOEWV  OUO  KATAOKEUOOMEVWY  KUKAwpPATwy.  ETTiong,

oupTtrepIAapBavovTal Ta aTToTEAETUATA TOU TEAIKOU TUTTWHEVOUV KUKAWMATOG.
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Abstract

Electronic systems for smart power control are being increasingly installed in modern
electrically-propelled vehicles, motors, and actuators for precise: a) position and motion
adjustment, b) force and torque regulation, c) power efficiency optimization, and d) energy
saving. The functionality of such controllers relies primarily on electric current sensors
capable of monitoring precisely pulsed currents varying from DC up to frequencies as high as
100KHz and of reading current alteration rates as high as 10GA/sec. This requirement sets
the sensor bandwidth specification to at least 1MHz for 5KA maximum current amplitude and
resolution of 0.02%. Additionally, modern power control applications require current sensing
in multiple conductors positioned densely among each other. The aforementioned restriction
poses limitations concerning sensor dimensions and cost as well as positioning distance
between sensor and current conductors. Temperature stability is another important parameter
that severely affects the performance of current sensors, especially in the case of industrial
applications, where they are subjected to large temperature variations.

The work that has been done for this thesis is a part of the IHACS project. The IHACS project
aims at the development of a new family of very compact, galvanically isolated, open-loop,
wide-band, self-calibrating current sensors. The current sensor that is used is a current
sensor based on the Hall effect.

This thesis consists of two parts:
a) The development of 2D Matlab Simulator for Eddy Current Field Filters

b) The design of a Wide-Band Magnetometer for Current Sensing Applications (Readout
circuit)

One of the main parasitic effects in Hall sensors and generally in semiconductors are the
Eddy Currents that are induced into the semiconductor surface. Because of the presence of
ac excitation current in a Hall device, ac self-magnetic field is produced. High frequency
magnetic field components induce eddy currents in the Hall plate. This magnetic field forces
the current to avoid the center of the device and to concentrate at the extremities of the cross-
section of the device. This produces an increase in the device resistance in high frequencies.
These Eddy Currents disturb the uniform flow of the biasing current within the Hall plate,
destructing the sensitivity of the device even as low frequencies as DC. This is a non-linear
effect, thus a linear electronic filter cannot be used to filter out high frequencies. The intention
is the development of a flux shaping device in order to filter out high frequency (parasitic) field
components. An open source software tool written in Matlab script language is developed and
presented here. That tool is capable of solving 2D, quasi-static electromagnetic problems

inside and around current conductors and/or conducting shields and is called Magnetic Field
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Simulator (MFS). This CAD tool that has been developed can be used to simulate the
behaviour of shields in order to choose the one that can be optimally used.

The second part of this thesis is a new magnetometer for current sensing applications, with
wide bandwidth that ranges from DC up to 1MHz. In order to achieve this functionality two
types of magnetic sensors are used, one capturing low frequency components and one for
high frequencies. A Hall device serves the first purpose and a pick-up coil serves the second.
Due to offset voltage and temperature stability, Hall sensors are limited to measurements up
to few KHz. Pick-up coil performance is not good at DC, but is performing well at higher
frequencies. The Readout circuit that is presented here merges the signal from the Hall
sensor and the signal from the pick-up coil. The goal is to get a measurement at the output
that is flat in the frequency domain up to 1 MHz in order to be able to calculate the current
sensor measurement. This work includes the circuit design, simulation results, fabrication and
measurement results of two fabricated chips. Also, the results of the final PCB measurements
are included.
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Introduction — Scope of this work

This work is a part of the IHACS project. The IHACS project aims at the development of a
new family of very compact, galvanically isolated, open-loop, wide-band, self-calibrating
current sensors. The sensors are based on sophisticated multi-axes CMOS HALL
magnetometers with no ferromagnetic parts that employ an elaborate technique for sensitivity
stabilization against temperature effects. Additional mechanical parts will be incorporated that
exploit Eddy-Current effects to provide for appropriate field filtering of the magnetic field that
is induced by the monitor current conductors. These RF filters comply with the specifications
set by the sensitivity-stabilizing subsystem and serve as supports for the CMOS integrated
HALL magnetometers. Hence, conceiving a current sensor design with the aforementioned
characteristics entails the following technological challenges:

1. A wide-band, CMOS-integrated HALL magnetometer with very large dynamic range
and fine resolution is produced and experimentally evaluated in a series of different
current sensing applications. The unique performance of this device enables its use
in almost any conventional HALL device application, as well as allowing for the
deployment of new, innovative sensor systems that were impossible up to now.

2. A sensitivity-stabilizing subsystem for HALL magnetometers should be conceived that
provide continues-time sensor calibration.

3. A series of Eddy-Current field filters should be devised and manufactured that provide
for appropriate operation of the stabilizing-subsystem in the — rather unlikely — case of
mismatch of the properties of employed semiconductor devices that may appear at
extreme temperature variations. The shields will also serve as compact mechanical
supports for the integrated magnetometers.

IHACS project aims at the development of a current sensor which works at frequencies up
to 1MHz. In order to achieve this functionality, two types of magnetic sensors should be

used, namely:
— one capturing low frequency components and
— one for high frequencies.

A Hall device serves the first purpose, sensing low frequency field components and a
pick-up coil packaged on a printed circuit board serves the second, sensing high

frequency field components.

The objective is the development of a sophisticated continuous-time sensitivity calibration

system for HALL magnetometers.

In order to give a more thorough description of the project and how these parts are connected
together, a simple explanation of each part will be described in the sequel:
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1. Development of IHACS magnetometers. This part aims at the development of an
integrated wide-band HALL magnetometer with large dynamic range that
incorporates innovative Analog and Digital VLS| Readout Circuits executing
advanced signal processing. This part includes intermediate prototyping and
experimental activities as well as the development of an advanced CAD tool for the
simulation of the performance of integrated HALL magnetometers. A wide-band HALL
magnetometer that is optimized for pulsed-current sensing applications is designed.
The magnetometer compromises a combination of appropriately designed HALL

sensing devices with innovative readout circuit. The design parameters are:
e The sensor is capable of reading current signals with: nonlinearity less than

1.5% over 0-150A range, wide dynamic range 0-2.8kA, high slew-rate 14 MA/s
and low temperature cross-sensitivity 500ppm/°C over 100°C.

e The sensor can provide close mounting to current currying conductors.
e The magnetometer is integrated in standard CMOS process in order to achieve

unique characteristics with regard to dimensions, spatial sensing resolution,
performance-cost ratio, reproducibility and production yield.

2. Development of Sensitivity-stabilizing Subsystem. At this part, a sophisticated
continues-time sensitivity calibration system for HALL magnetometers is developed.
This part includes intermediate prototyping and experimental activities, as well as
tasks aiming at the monolithic integration of IHACS magnetometers with the
sensitivity-stabilization subsystem. Any mixed-signal and/or digital circuits required by
specific IHACS application shall be addressed at this part.

3. Development of Eddy-Current Field Filters. This part addresses tasks focusing on
modelling, design, and prototype manufacturing of Eddy-Current shielding devices
providing for field filtering. In this part special equipment is designed that allows for
thorough experimental testing and evaluation of the field filters.

4. Current Sensor Integration and Calibration. In this part, IHACS magnetometers —
including sensitivity-stabilising subsystem — are combined with different Eddy-Current
Flux-Shaping devices to form a family of current sensors. The sensors have been
tested in different applications, by means of special equipment that are tailor-made
for this purpose.

The IHACS parts that are developed and are included in this thesis are the Development
of Eddy-Current Field Filters and the Readout Circuit.

A CAD tool written in Matlab script language has been developed in order to simulate
different shields and choose the one that may be optimally used in order to filter out

parasitic field components.
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A Readout Circuit has been developed, which merges the low frequency components of
the HALL sensor and the high frequency components of the pick-up coil. This leads to a

functionality of the system up to 1 MHz.
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1. Hall Sensors Technologies

1.1. The Hall Effect

The Hall effect is named after the American Physicist Edwin H Hall, who discovered it in
1879.A graduate student, Hall was attempting to prove that a magnet directly affects current
and not a wire bearing the current, as was believed at that time. His experimental device was
a gold leaf mounted on a glass plate. An electric current was passing through the leaf and a
sensitive galvanometer was connected across the leaf at two nearly equipotential points. The
leaf was placed between the poles of an electromagnet. Experimenting with this topology,
Hall discovered a new action of the magnet on electric currents. This action is now called the
Hall effect.

In order to understand the Hall effect, one must understand how charged patrticles, such as
electrons, move in response to electric and magnetic fields. In the case of the electric field, a
charge will experience a force in the direction of the field, which is proportional both to the
magnitude of the charge and the strength of the field. This effect is what causes an electric
current to flow. Electrons in a conductor are pulled along by the electric field developed by
differences in potential (voltage) at different points. In the case of the magnetic field, a
charged particle doesn’t experience any force unless it is moving. When it is so, the force
experienced by a charged particle is a function of its charge, the direction in which it is moving
and the orientation of the magnetic field in which it is moving through [1]. It should be noticed

that particles with opposite charges will experience force in opposite directions.

What Hall actually observed was an electromotive force in the leaf, acting at right angles to
the primary electromotive force and the magnetic field. It appeared as if the electric current
was pressed but not moved, towards one side of the leaf. Hall concluded that the new
electromotive force was proportional to the product of the intensity of the magnetic field and
the velocity of the electricity. This conclusion can be expressed by equation (1.1).

E, oc[uxB] (1.1)

Where Ey is the Hall electric field, u is the carrier velocity and B is the magnetic induction.
The carrier velocity can be expressed by equation (1.2)

u=u-E, 1.2
Where u presents the carrier mobility and E; is the applied external electric field.
The Hall effect comes as a manifestation of the action of the Lorenz force on quasi-free
charge carriers. The Lorenz force is the force acting on a charged patrticle in electromagnetic
field. A charged particle will be accelerated in the same linear orientation as the E field, but it

will curve perpendicularly to both the charge velocity u and the magnetic field B, according to
the right hand rule. The existence of the Lorenz force is the fundamental indication of the
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presence of electric and/or magnetic fields. The Lorenz force can be expressed by equation
(1.3).

F:e-E+e[u><B] (1.3)

Where F is the Lorenz force, e is the carrier charge, E is the electric field, u is the electron or

hole velocity and B is the magnetic induction [1].
Assuming that there are no space charges equation (1.4) can be derived
J:a-E+p,H[J><B] (1.4)
Where J is the current density, o is the carrier conductivity and uy is the Hall carrier mobility.
The Hall mobility can be calculated using equation (1.5)
Hy =Ty U (1.5)
Where y is the carrier drift mobility and ry is the Hall factor [3].

There is another way that Hall effect appears, besides the generation of the Hall electric field.
A magnetic field introduces an angle between the total electric field and the current density
vectors. This is so, because in the presence of a magnetic field, the total electric field
E=E.+Ey is not collinear with the external electric field E.. Thus, an angle exists between the

electric fields and is expressed by equation (1.6)

tan ©, =|E,|/|E, (1.6)
This angle is called the Hall angle and can also be calculated by equation (1.7)

®, ~ arctan(uB) a.7
At weak magnetic induction, the Hall angle can be expressed by equation (1.8)

@y~ (B) (1.8)

Over the last hundred years, the Hall effect has proved to be quite useful in the study of

metals, semiconductors and magnetic materials.

1.1.1 The Hall Voltage

Nowadays, Hall’s experiment can be done using a Hall element which can be a thin sheet of a
semiconductor. A current passes through this sheet and output connections are placed
perpendicular to the direction of the current. When no magnetic field is present, current
distribution is uniform and no potential difference is seen across the output, as it is presented
in Figure 1.1 [6].
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Figure 1.1: Hall element, no magnetic field is present

When a perpendicular magnetic field is present, the Lorenz force acts on the carriers and
disturbs the current distribution resulting in a voltage across the output, as it is presented in
Figure 1.2 [6]. This voltage that is measured is the Hall voltage and is proportional to the
vector cross product of the current | and the magnetic field B.
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Figure 1.2: Hall element, perpendicular magnetic field is present

Thus, if a Hall cross-section is placed in a static magnetic field B = Bz, the Hall voltage

appears between the sense contacts. The Hall voltage and can be calculated by equation
(1.9).

V,=S8,-1-B (1.9)
Where | is the biasing current and S, is the current related sensitivity. Current sensitivity can
be calculated using equation (1.10).
G

S1= (1.10)
n-e-t
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Where G is a magneto-geometrical factor, dependent on the carrier mobility and on the length
and the width of the device, n is the carriers’ density, e is the carrier charge and t is the
thickness of the device [6]. The magneto-geometrical factor is expressed by equation (1.11).

V.
G=—"" 1.11
v (1.11)

Ho

Where Vy is the Hall voltage of an actual device, and V4. is the Hall voltage of a
corresponding infinitely long or point-contact device.

By inspection of equations (1.9) and (1.10), it follows that the Hall voltage is inversely
proportional to the carriers’ density. For this reason, it is not usually practical to make Hall
effect devices using most metals.

1.2. Hall Effect Devices

The term Hall Effect devices is used in order to describe all solid-state electron devices
whose principle of operation is based on the Hall effect. Hall devices which are similar to the
one that Hall had used in order to discover this effect, today are called Hall Plates. If the
shape of the Hall device is undefined, the terms Hall device, Hall element or Hall sell are used
in order to refer to these devices. Some Hall plates take after their name according to their
shape, like Hall cross or Hall junction. For example, a combination of two Hall crosses is
called Hall bridge. When the device is used as a sensor, usually the term Hall sensor is used.
Another category is referring to integrated circuits, incorporating a combination of a Hall
device with some electronic circuitry. These integrated circuits are usually called Hall ASIC
(application-specific integrated circuit) or Hall IC.

1.2.1 Applications of Hall Effect devices

Hall effect devices are mainly used in two applications, as magnetic sensors and as a means
of characterizing material. The Hall voltage of a Hall device can be considered as a signal that
is carrying information. If the material properties, the device geometry and the biasing
conditions are known, the Hall voltage can give information regarding the magnetic induction
B. In this case, the Hall device can be used as a magnetic sensor. On the other hand,
consider the fact that the biasing conditions and the magnetic induction of a Hall device with a
known geometry are controlled. In this case, from the measured Hall voltage, important
properties of the material that the device is made of can be concluded. In this case, the Hall

device is used as a means of characterizing material.

The development of semiconductor technology caused the sensor applications of Hall effect
devices to become important. This is so, because the Hall effect is strong enough when
semiconductor material are used. Therefore, the first Hall effect magnetic sensors became
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commercially available in the mid-1950s. This is a few years after the discovery of high-

mobility compound semiconductors.

1.2.2 The Hall Effect in Semiconductors

In order to improve the Hall effect, materials should be found that do not have as many
carriers per unit volume as metals do. These materials should have lower carrier density and
thus exhibit the Hall effect more strongly for a given current and depth. Those materials are
semiconductor materials such as silicon, germanium, and gallium-arsenide that provide the
low carrier densities that are needed to realize practical Hall elements. In the case of
semiconductors, carrier density is usually referred to as carrier concentration. In Table 1.1,
the carrier concentration of various materials is presented [2]

Material Carrier Concentration (cm™)
Copper 8.4 x 10%
Silicon 1.4 x 10"
Germanium 2.1 x 10*
Gallium-Arsenide 1.1 x 10’

Table 1.1: Intrinsic carrier concentrations at 300°K

By inspection of Table 1.1, can be realized that these semiconductors material have carrier
concentrations that are orders of magnitude lower than those that are found in metals. This is
so, because in metals most atoms contribute a conduction electron. On the other hand,
electrons in semiconductors become available for conduction only when they acquire enough
thermal energy to reach a conduction state. This fact makes the carrier concentration highly
dependent on temperature [2].

Nevertheless, semiconductor materials are rarely used in their pure form. Usually,
semiconductors are doped with materials in order to raise their carrier concentration to a
desired level. In order to make Hall effect devices, there are several advantages of using
doped semiconductor materials. The first advantage comes from the fact that the low intrinsic
carrier concentrations of pure semiconductors will be doped anyway. In this case, it will be
unknown with what or to what degree those materials will be doped. The second advantage of
using doped materials is that this allows the choice of the dominant charge carriers. In metals,
electrons are the default charge carriers. There, no choice regarding the carriers can be
made. On the other hand, in semiconductors there is the choice between electrons and holes.
So, there is the choice between N-type material in which electrons are the majority carriers
and P-type material in which current is carried by holes. It is noticed that for pure

24

Institutional Repository - Library & Information Centre - University of Thessaly
15/06/2024 16:41:48 EEST - 3.144.38.110



Galvanically Isolated, Wide-Band Current Sensors

semiconductors the carrier concentration is a strong function of temperature. In doped
semiconductors the carrier concentration is resulting from the addition of dopants and it is
mainly a function of the dopant concentration, which does not depend on the temperature.

1.2.3 Hall Effect Sensors

Hall effect sensors consist basically of a thin piece of rectangular p-type semiconductor
material. When the device is placed within a magnetic field, the magnetic flux lines cause a
force on the semiconductor material which deflects the charge carriers (electrons and
holes), to either side of the semiconductor. This movement of charge carriers is a result of
the magnetic force that they experience while passing through the semiconductor material.
As these electrons and holes move sideward a potential difference is produced between the
two sides of the semiconductor material. Thus, the movement of electrons through the
semiconductor material is affected by the presence of an external magnetic field. This effect

is presented in Figure 1.3.

Figure 1.3: Hall Effect Sensor

1.3. Hall Magnetic Sensors

Magnetic sensors are devices that convert a magnetic field into an electrical signal. A Hall
device can be used as a magnetic sensor, based on the classical Hall effect. A Hall effect
sensor is a transducer that varies its output voltage in response to a magnetic field. Hall

magnetic sensors are widely used because these sensors are cheap and are compatible with
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low-cost integrated circuit technologies. Nowadays, Hall magnetic sensors are the most
widely used magnetic sensors. They are not only used to measure a magnetic field, but also
they can be applied for linear position, angular position, velocity, rotation and current. Hall
magnetic sensors are used in various products like cars and disc drives in personal
computers [7].

Hall magnetic sensors encounter some basic characteristics. These characteristics are
sensitivity, offset, noise, cross-sensitivity, non-linearity, frequency response and stability.

1.3.1 Magnetic Sensors Characteristics
1.3.1.1 Sensitivity

Sensitivity in Hall sensors can be described by explaining the two main sensitivity coefficients,
which are current-related sensitivity and voltage-related sensitivity. Current-related sensitivity
is described by equation (1.9). Note that the n-t product denotes the surface charge carrier
density in a homogeneous plate. The product n-t-e equals the charge of free electrons per
unit area of the plate. The best option is to choose low-doped, small doping gradient layers.
Such layers are usually used in magnetic sensors. Otherwise, the operation is done with
average quantities. The voltage-related sensitivity is denoted in equation (1.11)

S, = G% (1.11)

Where G is the magneto-geometrical factor and w/l is the width to length ratio of the
equivalent rectangle. Voltage-related sensitivity increases with a decrease in the effective
device length.

1.3.1.2 Offset

Magnetic field offset appears due to the offset output voltage of a Hall magnetic sensor. All
Hall plates show an output voltage referred to as offset even when the magnetic field is
absent, due to imperfections in the device and other transduction effects other than the Hall
effect. Generally, the offset equivalent field is decreased as the Hall mobility is increased. The
major causes of offset in Hall plates fabricated with silicon bipolar integrated circuit fabrication
process are errors in geometry. The errors are due to etching randomness and rotation
alignment [8]. Offset of a silicon Hall plate can be seriously affected by mechanical stress
referring to piezoresistance effect [9, 10]. The piezoresistance effect is the main cause of

offset.

The offset causes the output voltage of a Hall plate to be the sum of the Hall voltage and an
offset voltage. The offset voltage consists of a number of current-dependent terms and a self-
induced magnetic field. CMOS compatible elements and the spinning current method are

used [11], in order to considerably reduce the offset of the output signal.
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1.3.1.3 Noise

There is noise voltage at the output terminal of a Hall device. This noise puts a limit in the
measurement precision of the device. The noise in a Hall device is due to thermal noise,
generation-recombination noise and 1/f noise. A convenient way to describe the noise
properties of a magnetic sensor is in terms of resolution, which is also called detection-limit
[2]. A high resolution can be achieved in a large Hall device made of high-mobility material

and low 1/f noise parameter when it operates at high power level.

1.3.1.4 Cross-sensitivity

The cross-sensitivity of a magnetic sensor is its undesirable sensitivity to environmental
parameters, such as temperature and pressure. For example, there could be temperature
coefficient or also temperature coefficient of the voltage-related sensitivity. There are
published techniques that are used in order to reduce cross-sensitivity of magnetic sensors
[12].

1.3.1.5 Non-linearity

A variety of non-linearity exists in Hall magnetic sensors. These are due to current-related
sensitivity, material non-linearity, geometrical non-linearity and non-linearity due to the
junction field effect. The current-related non-linearity will appear in a magnetic sensor if its
sensitivity depends on magnetic field. The junction field effect non-linearity depends on the
device structure, on the biasing conditions and the magnetic field [13].

A technique that is proposed and used in order to compensate geometrical non-linearity is by
loading the sensor output with a proper valued resistor. A drawback of this approach is that
due to the very large non-linear temperature dependence on the resistivity of the Hall plate
materials, it is extremely difficult to keep constant the ratio of the sensor output resistance and
the load resistance. The material non-linearity and the geometrical non-linearity exhibit the
same quadratic magnetic induction dependence, but this dependence has opposite signs.
Someone can take advantage of this fact by cancelling out these two non-linearity effects.
Non-linearity due to the junction field-effect can be compensated by adding half the Hall
voltage to the junction bias voltage [14].

1.3.1.6 Frequency Response

The frequency response to a magnetic field is frequency dependent due to parasitic effects.
One of these parasitic effects is the relaxation time limit, which limits the Hall effect up to
1THz. The main frequency limitation is due to inductive effects. An ac excitation current of a
Hall plate produces a self-field, which may generate an inductive signal in the output circuit of

the Hall plate. Also, an external ac magnetic field can produce inductive currents or voltages
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in both input and output circuits of a device. The main parasitic effects are skin effect and
eddy currents. Because of the presence of ac excitation current in a Hall device, ac self-
magnetic field is produced. This self-magnetic field forces the current to avoid the center of
the device and to concentrate at the extremities of the cross-section of the device. This
produces an increase in the device resistance in high frequencies. Also, if a Hall device is
exposed to a fast-varying magnetic field, eddy currents will be induced in the device. Eddy
currents have two main effects to the measurement of high-frequency magnetic fields. First,
the Eddy currents tend to oppose the change in the field which induces them, which results in
phase shift and decrease of the magnetic field acting on the Hall device. Second, in
cooperation with the self magnetic field of a Hall plate, eddy currents produce an additional
Hall effect. By designing very careful wiring of the device, in the case of high-mobility and
high-current Hall devices, this might work well up to frequencies higher than 1 MHz. But in
low-mobility Hall devices, such as silicon devices, the practical frequency limit is around 10
KHz [2].

1.3.1.7 Stability

Hall magnetic sensors stability depends on the sensitivity of the device. The instability is
proportional to the sensitivity. To cope with this problem, the Hall device active region should
be isolated from the surroundings. In order to achieve this, a reverse-biased p-n junction can
be used instead of a bare or oxidized surface [2].

1.4. Applications of Magnetic Hall Effect Sensing
Devices

Applications of Magnetic Hall Sensors are presented below, which are divided in categories
[6].

Linear output sensor applications are:

Current Sensing

Disk drives

Variable frequency drives

Motor control protection/indicators

Power supply protection/sensing

Position Sensing
Pressure diagrams
Flow meters

Damper controls
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Brushless DC motors
Wiperless/contactless potentiometers
e Encoded Switches
Rotary encoders
¢ Voltage Regulators
e Ferrous Metal Detectors (bias Hall)
e Vibration Sensors
e Magnetic Toner Density Detection

e Tachometers
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2. Current Sensing Technologies

2.1 Current Sensing
2.1.1 History

From the beginnings of electrical engineering the quantification of the basic electrical units
was a requirement for the work of physicists and engineers, as well as the basis for the
commerce with electrical energy [1]. At first, it was the physical effects directly associated to
the moving charge, like the force action of the magnetic field generated by a conductor,
Joule’s heat or the dissociating action of a current passing through a conductive liquid.

At the end of the 19" century, the currents that were used for technical purposes had reached
orders of magnitude that made impossible the direct measurement. In 1837, the tangent
galvanometer was first described in a paper. This is a simple compass in the earth’s magnetic
field influenced by the magnetic field of a current flowing around it, as it is presented in Figure
2.1. In 1884, was reported a measuring shunt made of a copper conductor allowing the
extension of the current range up to 200A which was considered sufficient at that time. In
1893, currents of more than 10 KA were already measured. The instruments, at that point did
not have closed magnetic circuits. Thus, the results were affected by stray magnetic fields
and there was temperature dependence of the bus bars used as measuring shunts. The first
effort to reduce this effect was reported in 1901, where the primary current was only partially
linked to the secondary winding in order to reduce the effect of the external magnetic fields
[1]. In the 1920s, current transformers for currents up to 50 KA and for voltages of up to 250
KV were available.

Figure 2.1: Tangent galvanometer

Before 1930, the development of instruments to measure small magnetic fields, the so-called

fluxgate magnetometers had begun. Although the Hall-effect was described much earlier, but
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it was not able to built practical magnetometers until 1950s. Also, current transducers for
large currents came up using Hall cells. In the first transducers the output voltage of a Hall
cell in an air-gap was taken directly as a measure for an electric current flowing through the
leak of the core. Later a compensation winding was added to achieve smaller errors. The
measuring devices that were built at the end of the 1950s for aluminum plants reached errors
smaller than 0.1%, which was sufficient for industrial purposes.

2.2. Overview of Integretable Current Sensor
Technologies

2.2.1 Main Industrial Technologies

Today available on the market, there are more than 15 different designs or technologies that
can be used for the measurement of the electric current, depending on the specific application
requirements, such as peak or rms current, accuracy, bandwidth, environmental robustness

or simply cost [2]. Those technologies can be divided into six main categories [1]:

e AC transducers: limited to AC measurements, including the classical current transformers
(CTs), Rogowski coil based transducers or a recently developed printed-circuit-board (PCB)
technology.

e Hall effect transducers: which can be derived into “Closed-Loop”, “Open-Loop” and “ETA

technologies”.
o Fluxgate transducers: with more than six main designs, each showing specific performance.

¢ Other field sensing technologies: alternatives to the Hall cells have been deployed into
current measurement (e.g. magneto resistance).

¢ Shunt: referring to shunt based technologies.

¢ MEMS current transducers: micro-electromechanical systems (MEMS) have been used for

current measurement even if none of them is yet at a real industrial stage.

Among these, the isolated technologies often measure the current by sensing the magnetic
field it creates with different performances depending on the considered field sensing
technologies.

2.2.2 Current Sensor Technologies

An overview is given of current sensing technologies that are suitable for packaging into
integrated power electronics modules and integrated passive power processing units, such as
integrated shunts and integratable Rogowski coils technologies [3]. The technologies that will
be considered above are integrated current shunts, current transformers, Rogowski coils,
Hall-effect current sensors, Giant Magneto Resistive Sensors and Magneto Impedance

sensors. Integrated current sensors aim to achieve some main characteristics which are
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compact size, compatible with manufacturing process, low cost, high bandwidth for high
frequency operation, fast response, to introduce low parasitics, high reliability, high noise
immunity and high stability with varying module temperature [3].

e Shunt: Although current shunts operate on the principle of the Ohmic voltage drop, practical
shunts have intrinsic inductance which limits the accuracy and bandwidth. The main
disadvantage of integrated current shunts is that these components lack of galvanic
isolation. This has as a result the cost increment and complexity of shunts, in order to
achieve isolation. Shunts have low resistance and low temperature coefficient of resistance
(TCR). Although they are suitable for DC and AC measurement, are not suitable for
applications up to tens of MHz.

¢ Current transformer: Current transformers have been widely used for AC current sensing at
frequencies up to tens of MHz. The advantages of this sensing technique are that it
provides galvanic isolation and consumes little power. On the other hand, the
disadvantages are that the measurement accuracy, the size and the cost can be degraded
in some cases and the fact that current transformer introduces additional inductance to the

current carrying conductor.

¢ Rogowski coil: A Rogowski coil is a helix wound around a torus so that the wired ends are
joined and is mainly used for isolated current measurements [4]. A basic configuration of a
Rogowski current transducer is presented in Figure 2.2. The uniformly wound coil on a non-
magnetic material of constant cross-sectional area is formed into a closed loop. Thus, the
voltage induced in the coil is proportional to the rate of change of current. This voltage is
integrated, as it is presented in Figure 2.2, producing an output proportional to the current.
The advantages of the Rogowski coil use are the capability of measuring large currents (a
same sized coil can be used in order to measure 100 A or 100 KA), non-saturation, isolation
between the testing circuit and the transducer, inexpensive, it can be used easily, has good
linearity due to the absence of magnetic materials and is compact and with light weight. The
main disadvantage of the current measurements using Rogowski coil is that high bandwidth
cannot be achieved by this technique.
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[V

Figure 2.2: Basic configuration of a Rogowski current transducer

o Hall effect sensor: The Hall effect sensor is a magnetic field sensor based on the Hall effect.
Hall effect sensors are isolated devices that can be applied to both AC and DC current
sensing, up to hundreds of KHz. That limited bandwidth of the Hall sensor is one of its main
disadvantages. Due to its simple structure and compatibility with microelectronic devices, a
Hall device can be monolithically integrated into a fully integrated magnetic sensor. The
main advantages of the Hall effect sensors are that they can be fabricated using a
conventional CMOS technology and that they are cheap. The Hall effect sensors mainly
operate in closed loop modes for better accuracy and wider dynamic range. The future of
the Hall devices will depend on the improvement of sensitivity and reduction of offset.

¢ GMR current sensor: The Giant Magneto Resistive Sensor (GMR) principle of operation is
based on the Giant Magneto resistive (GMR) effect, which is the change of the electrical
resistance with the magnetic field. GMR sensors can be effectively used to sense the
current by measuring the magnetic field that is generated by the current. The main
advantage of this technique is that the GMR sensors can be placed in such a topology that
the sensitivity can be improved and the temperature dependent effects can be minimized.
The main disadvantage of these sensors is that it is not possible to be integrated and have

to be used as an added component.

e MI Current Sensor: The principle of operation of the Magneto Impedance (MI) sensors is
based on the Magneto Impedance (MI) effect. The MI effect refers to the variation of the
impedance of a magnetic material carrying a low intensity, high frequency AC current when
it is subjected to an external magnetic field. The advantages of the use of this current
sensing technique are low cost, small size, high sensitivity and wide bandwidth. These
advantages provide them with the potential in order to become an alternative to the existing

current sensors. The main disadvantage is that the material technology is very complicated.

Today, mainly only the Hall effect and GMR are used for current transducers made in large

guantities [1].
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2.2.3 Hall Effect Technologies

The three Hall effect based technologies used for AC and DC current measurement are
discussed below [1].

2.2.3.1 Hall Effect Open Loop Current Transducers

Open-loop Hall effect transducers use a Hall sensing element placed into the air gap of a
magnetic circuit, like the one that is presented in Figure 2.3 [1].

Figure 2.3: Open-loop Current Transducer

The magnetic induction detected by the Hall cell is theoretically proportional to the primary
current to be measured. Measurement inaccuracies are mainly due to magnetic and
electronic non-linearity, as well as offsets that are created by the Hall cell, the processing
electronics and the magnetic circuit hysteresis. The use of a magnetic circuit offers several
advantages, like to focus on the field of the Hall cell, to amplify the field magnitude and to
shield against external magnetic perturbations.

Open-loop transducers ensure galvanic isolation and are able to measure DC, AC and
complex current waveforms. Among their advantages are low power consumption, reduced
weight and size, relatively low priced and in general well suited for industrial applications. The
main drawbacks of the open-loop transducers are moderate bandwidth and temperature
dependence of the measurement accuracy. In specific applications, high frequency eddy-

current loses may be a limiting factor.

Overall accuracy is in general in the range of a few present due to DC offset at zero current,
DC magnetic offset, gain and linearity error, amplitude attenuation and phase shift when the
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bandwidth limit is reached and noise. Additional errors are due to temperature variations and
offset drift.

2.2.3.2 Hall Effect Closed-Loop Current Transducers

The difference between the open-loop and the closed-loop current transducers is that the
later have a built-in compensation circuit which improves performance. The closed-loop
current transducer is presented in Figure 2.4. The Hall cell of closed-loop current transducers
drive a secondary coil current in a way that the magnetic field in the air gap equals zero. Hall
effect closed-loop transducers are ensuring galvanic isolation and are capable of measuring
AC, DC and complex current waveforms. Among their advantages are excellent accuracy and
linearity, low temperature drift and higher bandwidth (mainly up to 100 KHz, and occasionally
goes up to 300 KHz). The main drawbacks of the closed-loop technology are the higher
power consumption, the larger dimensions and higher costs compared to simpler open-loop
designs. At high frequencies, the measuring performance is set by the current transformer

performance.

Figure 2.4: Closed-loop Current Transducer

2.2.3.3 Hall Effect ETA Transducers

Hall effect ETA transducers employ a combination of open-loop and closed-loop technologies.
At low frequencies (2-10 KHz) they work as open-loop transducers, thus the Hall cell is
providing a signal proportional to the primary current to be measured. At high frequencies
they work as current transformers. These signals are electronically added in order to form a
common output signal, as it is presented in Figure 2.5. ETA transducers provide galvanic

isolation and are capable of measuring AC, DC and complex current waveforms. Among their
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advantages are high bandwidth (the typically higher frequency limit is 100 KHz) and low
power consumption. Their major drawback is the big size of the magnetic circuit. At low
frequencies, ETA technology measurements accuracy has larger sensitivity to temperature
changes. Also, the cost for ETA technologies is higher than simpler open-loop designs.

Figure 2.5: ETA Transducer
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3. Electromagnetic Theory & Eddy
Currents

3.1 Maxwell’s Equations

Maxwell's equations are named after the Scottish physicist and mathematician James Clerk
Maxwell, since these equations are all found in an early form in a four-part paper which he
published between 1861 and 1862. The mathematical form of the Lorentz force law also
appeared in this paper.

Maxwell's equations are a set of partial differential equations that, together with the Lorenz
force law, form the foundation of classical electrodynamics, classical optics and electric
circuits. The former, in turn form the basis for modern electrical and communications

technologies.

Faraday’s Law can be described by equation (3.1)

=5
dt

(3.1)

Where |g| is the magnitude of the electromotive force and @y is the magnetic flux. An
electromotive force is merely a voltage that arises from conductors moving in a magnetic field
or from changing magnetic fields [1]. The minus sign is an indication that the electromotive
force is in such a direction as to produce a current, whose flux when added to the original flux
would reduce the magnitude of the electromotive force. The electromotive force can be
defined by equation (3.2)

e = §E-d1 (3.2)

where | denotes a closed path. Replacing ® in equation (1) and substituting the result in
equation (3.2), equation (3.3) is derived

fE-dlz—%jE-a@ (3.3)
S

Here, the fingers of our right hand indicate the direction of the closed path, and our thumb
indicates the direction of dS.

Now, let’'s consider a stationary path. The magnetic flux is the only time-varying quantity on
the right side of equation (3.3). Applying Stoke’s theorem to the closed line integral and after
calculations, equation (3.4) is derived

~_ 0B

VXE=—-— 3.4
X o (34)

This is one of Maxwell's equations, written in differential.
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If B is not a function of time, equations (3.3) and (3.4) reduce to the electrostatic equations
(3.5) and (3.6)

fE-dT:O (3.5)
VxE=0 (3.6)

Thus, Faraday’s experimental law has been used to obtain one of the Maxwell’s equations in
differential form. According to equation (3.4) a time varying magnetic field produces an
electric field.

Ampere’s circuital law as it applies to steady magnetic fields is presented in equation (3.7)
VxH=J (3.7)

The magnetostatic field is related to the current that produces it, according to the above
equation. In the case of time varying fields, it is found that an additional term must be added.
This term is 6D/ 6t and is termed as displacement current density. Displacement current is
not an electric current of moving charges, but a time varying electric field. Displacement
current has the units of electric current density and it has an associated magnetic field. The
idea of displacement current was conceived by Maxwell and added it to the electric current

term in Ampere’s Circuital Law.

This term acts as though it is an additional current that helps to produce the magnetic field H.
Thus, equation (3.8) can be derived

Vxﬁ:j+a—D (3.8)
ot

This is another second one of Maxwell's equations.

The relationship between the H and B fields is given in equation (3.9), where u is permeability

H=Blu (3.9)
A second form of equation (8) can be obtained by applying Stoke’s theorem and is derived in
(3.10)

N\ = = - 0D =
[(vx#)ds=[7-as+[%-as =
N N N at
.- oD -
§H~dl=1s+j—-dS (3.10)
] v Ot

Equation (3.10) can be considered the integral form of equation (3.8) and equation (3.8) can
be called the differential form, respectively. Equation (3.10) is the more general form of

Ampere’s circuital law that applies when a time varying field is present.

One formulation of the relationship between the electrostatic field and the charges that

produce it is known as Gauss’ Law, which is presented in equation (3.11)
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ng-dgsz-dsz (3.11)
S Vv

where Q is the total charge enclosed by the surface. The surface integral can be thought of as
the outflow or flux of the field ¢-E through the surface S. In addition to the electric fieIdE, a

second electric vector D is defined by equation (3.12), where ¢ is the permittivity of the

space.

— —

D=¢-E (3.12)

The reason for the definition of this second vector is that permittivity € often varies with
position. By integration of equation (3.11), equation (3.13) is derived

j[)-dS’=jp-dV (3.13)
S 14

where p refers to the total charge. This is the third of Maxwell’'s equations and remains
unchanged from its non time varying form.

The forth of Maxwell’s equations is also the same as its non time varying form and is

presented in equation (3.14)
V-B=0 (3.14)
and its integral form is presented in equation (3.15)

IE-a@ -0 (3.15)
S

The equations that are presented are the macroscopic Maxwell equations, which mean that
these equations apply to fields in bulk materials such as gases, liquids and solids. Maxwell’s

equations are valid for time varying fields.

To conclude, the four Maxwell’s equations are [1]:

, ~ OB ) . . o
1. Equa’uoanE:—a— , Which states that a time-varying magnetic field can
t

generate electric fields.

~ - 0D
2. EquationVx H :J+6—, which states the relationship between a magnetic field
t

and a given current. In the relationship the extra term which is called displacement
current is included.

3. Equationjﬁ-dgzj.p-dV, which can be written asV-D = p. This equation
N 14

states that electric fields can start and end on charges.

4. EquationV - B= 0, which states that there are sources or sinks with magnetic field.
This means that B lines never start or end, instead they form closed loops.

Here, it would also be useful to define the magnetic vector potential A , Which is presented in
equation (3.16)
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B=VxA4 (3.16)

The magnetic potential can be useful as a computational tool for finding the magnetic field,
much in the same way as the electric potential is useful (E =-V/JV).

Like all set’s of differential equations, Maxwell’'s equations cannot be uniquely solved without

a suitable set of boundary conditions and initial conditions.

3.1.1 Boundary Conditions

It often happens that magnetic or electric fields are present at the boundary of two different
materials. This raises the question of how the fields on one side of the boundary are related to
those on the other side, and also raises the need of derivation of boundary conditions. The
four Maxwell’s integral equations can be used to find the boundary conditions of B, D, H, and
E. Boundary conditions are necessary in order to solve Maxwell's equations in partial

differential form.

First, let’s think of magnetic fields that are present at the boundary of two different materials.
Two cases must be considered, the components that are tangential to the boundary and the
components that are normal to the boundary. For any materials with different conductivity,

equation (3.17) is valid for the tangential components

H, =H,, (3.17)
and equation (3.18) is valid for normal components

ty-Hyy =1, -Hy (3.18)
where u stands for the permeability of each material.

The equation that is valid for the tangential components of the magnetic field is presented in
(3.19)

By, =By, (3.19)
and the equation for normal components is presented in (3.20), respectively

D, -D,,=0 (3.20)
where o is the surface charge per unit area on the interface.

At an interface between two dielectrics, equation (3.21) is valid for tangential components

E, =E,, (3.21)
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3.2. Eddy Currents
3.2.1 Main Principle

The main principle of the generation of eddy currents is presented in Figure 3.1.

Figure 3.1: Hall plates placed above and below current carrying conductor

As it is presented in Figure 3.1, Hall plates are placed above and below a conductor. Current |
is flowing along the conductor. On the left figure, the current carrying conductor induces
magnetic field B at the Hall plates in the direction that it is presented in the figure. On the right
figure, the eddy currents effect is presented. The primary magnetic field that is induced,
induces eddy current in the plates. These eddy currents induce a secondary magnetic field.
The secondary magnetic field is opposing to the primary magnetic field.

3.2.2 Eddy Currents in Hall Plates

If a conductive device is exposed to a varying magnetic field, eddy currents will be induced to
the device [2]. Hall plates are affected by eddy currents. Eddy currents have as a result two
effects, which are

¢ Phase shift and diminution of the magnetic field which acts on the galvanomagnetic device
e Produce an additional Hall effect

According to Lenz’s law, eddy currents tend to oppose the charge which induces them. The
result of this fact leads to the first effect that is presented above. Suppose that a think, long,
rectangular Hall plate is exposed to a perpendicular ac magnetic field. Eddy currents are
produced and the density of these eddy currents increases linearly as we approach the plate
periphery. The magnetic field which is produced by eddy currents has a maximum along the
symmetry axis of the plate [1]. The ratio of this maximum magnetic field and the excitation

magnetic field is calculated in equation (3.22)

43

Institutional Repository - Library & Information Centre - University of Thessaly
15/06/2024 16:41:48 EEST - 3.144.38.110



Galvanically Isolated, Wide-Band Current Sensors

m

w
~ f e — 3.22
B o f R ( )

N

where 14, is the carrier mobility, f is the frequency of the excitation magnetic field, R is the
sheet resistance of the plate and W is the width of the plate. The sheet resistance can be
calculated by equation (3.23)

1
R, = P _ (3.23)

d o-d
where d is the thickness of the plate, p is the resistivity of the plate and o is the conductivity of
the plate.

The second effect caused by the eddy currents is the production of an additional Hall effect.
For an ac excitation magnetic field, the total current density in the plate is given by the
summation of the current density in the Hall plate produced by the input current (J,.) and the
eddy current density (Je) as it is described in equation (3.24)

T =, +J, (3.24)

total
The total magnetic field acting on the plate is presented in equation (3.25)

B~ B, + B, (3.25)

where B, is the input magnetic field and Bis the self-field produced in the plate by the
excitation current. The magnetic field produced by eddy currents is neglected in equation
(3.24). Thus, the Hall voltage can be obtained by equation (3.26)

Vie Vi + Ve (3.26)

In equation (3.24), is not used the symbol of exact equality, because the calculation of B is
approximated by a linear function. Here, V/,; is the ordinary Hall voltage and V/,,, is the Hall
voltage produced by the coupling of the self magnetic field and eddy currents. The ratio of
these two voltages is calculated in equation (3.27)

VHe
VHi

S

This ratio is quite the same as the one described in equation (3.22). This means that these
two effects become noticeable for about the same frequency.

3.2.3 Skin Effect

Conductors may be used to transmit electrical energy or signals, using an ac current flowing
through that conductor. The charge carriers constituting that current are accelerated by an
electric field. An alternating current may also be induced in a conductor due to an alternating
magnetic field, as it is already described above. The current density is found to be greater at

the conductor’s surface.
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The skin effect in semiconductors and Hall plates consecutively, is due to opposing eddy
currents induced by the changing magnetic field resulting from the ac current. Skin effect is
the tendency of an alternating electric current (ac) to distribute itself within a conductor with
the current density being largest near the surface of the conductor and decreasing at greater
depths. In other words, the electric current flows mainly at the “skin” of the conductor, at an
average depth called the skin depth. The skin effect causes the effective resistance of the
conductor to increase at higher frequencies where the skin depth is smaller. Usually, at high
frequencies the average depth at which the electric current is flowing is much smaller.

Skin depth depends on the conductivity and permeability of the conductor. Skin depth is
inversely proportional to the square root of the permeability of the conductor.
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4. Readout Circuit

4.1 Basic Circuits and Building Blocks
4.1.1 The CMOS Differential Cell (Basic Transconductance)

Figure 4.1 shows the basic CMOS differential pair. It consists of a pair of NMOS transistors
(MNO and MN1) and a pair of PMOS transistors (MPO and MP1), biased with a constant
current source |. This source in the actual implementation of the circuit is implemented using
the bias cell. The resistance which is in parallel to the current source and is equal to
% 1 stands for the channel-length modulation effect.
BIAS
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Figure 4.1: The CMOS differential pair

The circuit of Figure 4.1 has two differential voltage inputs and two differential current outputs,
thus it makes a differential transconductance amplifier. The circuit of Figure 4.1 can be
described by the following equations (4.1)-(4.4).

Av . . Al

Vive =Vey +— (4.1) loyrse =ley +— (4.3)
2 2
Av . . Ai

Viv- = Veu _7 4.2) lour- = lem _? (4.4)

In the general case of A # 0, the following equations can be calculated.

Igiasn = Lguasnvo + Lpusni

47

Institutional Repository - Library & Information Centre - University of Thessaly
15/06/2024 16:41:48 EEST - 3.144.38.110



Galvanically Isolated, Wide-Band Current Sensors

. 1
Lpsno = EKn 17 ((VIN— _VN)_VtN )2

. 1
Lpasnt = EKn I ((V1N+ _VN)_ Vi )2

After calculations and substitution of equations (4.1)-(4.4), the following equation is derived

B 2
s (vCM2+vN2+VtN2—2vaCM 2V Vin +2VNVIN)+AL}
w 4
AR
Igrasn I »  AV?
W (vCM_VN_VtN) + 4
(72)K ( ", ) '
. 2 AV2
Lgusy = P (vCM_VN_VtN) + 4 (4.5)
w
L K =u -C
L n ﬂn ox

Following the same calculation procedure the corresponding i,,., current can be calculated

in equation (4.6).

. Av?

lpysp = ﬂp {(VCM —Vp —Vp )2 + 4 } (4.6)
w,

Where B, =K, , K,=u,-C,

L

Symbols i, and iy, stand for the current connected to the NMOS and PMOS pairs

respectively.

In the following equations (4.7) and (4.8), currents Ai, and Ai, are calculated. These
currents stand for the differential currents of NMOS and PMOS pairs respectively.

Ay = By 'AV(VCM —Vy— VtN) (4.7)
Ai, =—p, 'AV(VCM —Vp— VtP) (4.8)

Solving equations (4.5) and (4.6) for v, andv,, equations (4.9) and (4.10) can be easily

derived.

: 2
Lpasy AV

5 7 (4.9)

Vy =Vey —Viy —
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; 2
Igusp AV

Vp =Vey —Vip + (4.10)
t Be 4

Lgusy = Lgus T4 Lgns " Vy (4.11)

gusp = Lpus — A Lgias " Vp (4.12)

Assuming that the NMOS and PMOS transistors are matched, this means that 3, = 8, = f3
and V, =V, =V, equations (4.13)-(4.16) can be derived. These equations describe the
performance of the basic transconductance.

Ai=Aiy +Ai, = B-Av(v, —v, ) = AV\/2-B-IBIAS - B AV (4.13)

) i -1 A-1

iy, = 24N 5 BUASE 2BIAS Wy V)= AT Ve (4.14)

Ai= Gy -Av where G, :\/2-,8-IBIAS—ﬁ2-AV (4.15)

icyy RGou Veu where G, =41y, (4.16)
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Voo
VBias+ MP@ MPR MP3 MP$ MP2 MP4
i [ I M| | M|
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MR5 |F' MP1 ||" MPO MPQ "ﬂ| MP _1 MP%
4‘% L L | _Il* %}*
IOUT- — N h h —
louT+ ] [ ]
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VBias- Vs

Figure 4.2: Actual implementation of the Basic Transconductance Circuit

In Figure 4.2 the actual implementation of the Transconductance Amplifier is presented. Two
pairs of MOS current sources are used, which consist of the transistors MN2, MN3, MP2 and
MP3. Also two pairs of MOS capacitors are added, these consist of the transistors MN4, MN5,
MP4 and MP5. These capacitors are also used as dummy structures in order to protect
transistors MN1, MN2, MP1 and MP2 from process gradients.

The dummy structures are used because of the asymmetry of some parts of the circuit, for
example regarding transistors MN1 and MNO. When the layout of this circuit is designed
these transistors do not see the same environment. Thus, dummy structures are added, in

order to reduce the mismatch and the asymmetry.

The Transconductance Amplifier is connected in specific topologies in the final circuit. These

topologies will be analyzed below.
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412 CMOS Current Mirror

The CMOS current mirror is presented in Figure 4.3.

V]l]l
Imas MP1 MP2
¢ | E
Vi
ol | i
J Jl In
MN4 MNMND MP3
V[;H]] I{l!T
I ! —— Vi
MP4 MIF0 MN3
| | In
| | In
v -
MN2
] m| In
J |,
Imas MN1
| Vss

Figure 4.3: CMOS Current Mirror

The input current of the CMOS current mirror is symbolised by /,, and the output current is
I,y The NMOS and PMOS transistors are matched, this means that
B.=B,=p= K(V%) andV, =V,, =—V,. Ideally, no current enters GND terminal,
which is connected to the Gates of MN3 and MP3 transistors. This means that the input

resistance is infinite.
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The calculation of V,, and V,_ can be easily derived in (4.17) and (4.18).
1

]BIASZE'ﬂ'(VB+_VGN _Vz)2 =
2-1
Vg, =Vep +V, + BIAS (4.17)
B
2-1
Ve =Vewp =V, = 'BBIAS (4.18)

Currents i,,,, and i,,, that are flowing through transistors MNO and MPO respectively, are
calculated below in (4.19) and (4.20).

2

. 1 1 27

MNO — A B+ VIN T t2:_ GND 2 IN

i 2ﬂ(V vy —V,) 2ﬂ Vano + 5 v =

. 1 2

Lyno = Eﬂ(VGND _VIN) +\/2':B'IBLAS (VGND _VIN)+IBIAS (4.19)
2

. 1 1 27

Lypo :Eﬂ(VB— Vi +Vz)2 :Eﬂ(VGND - %AS_VINJ =

. 1

Lypo = Eﬂ(VG — Vi )2 _Vz'ﬂ'IBIAs (VGND _VIN)+IBIAS (4.20)

The input i, current can be calculated in equation (4.21), by using equations (4.19) and
(4.20), as it is presented bellow.

Inv = Typo ~ o =
. v, —V
iy =232 B Tgpg (VIN Vo ): ]NZ—GND (4.21)
N
Z, = _ (4.22)
2\/2',B ’ IBIAS
Vi =iy Ly +Vonp (4.23)

The input current is copied through the current mirror to the output, thus equation (4.24) can

easily be derived.

lour = A[ '(iMPO _iMNO)z A[ Ty (4.24)

The actual implementation of the CMOS current mirror is presented in Figure 4.4.
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Figure 4.4: Actual implementation of the CMOS Current Mirror

Two pairs of MOS capacitors are added (MP4, MN4, MP5 and MN5) and are used as dummy

structures in order to protect transistors MNO, MN1, MPO and MP1 from process gradients.
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4.1.3 Bias Circuit

The Bias circuit is presented in Figure 4.5.

Figure 4.5: Bias Circuit

The bias circuit generates voltages a) Vo, Vpus » 0) Vo,V andc) Vi, ,Vy, . The
values of the later voltages (c) are controlled by the external voltage V.,yand can be used
for gain-amplitude control of the transconductance amplifier as it will be explained later.

The current /¢ can be calculated in (4.25).

WA B,

Ly =—""—"7—""- (4.25)
2
B-(R,-R)
Where f3,, 3, and [ are standing for the beta parameter of transistors MP1, MPO and MNO-
MN3 respectively. Regarding the fact that both of the resistors R, and R, exhibit different
TC’s (temperature coefficient), their values may be adjusted so as to a) set [, and b)
stabilize it against temperature.

Transistors MN4-MN7 serve as startup circuit as well as to produce the V,, signal.
Transistors MN8-MN11 and MP2-MP4 generate the biasing voltage signals. Transistors
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MN12-MN13 and MN15-MN16 serve as current sources biasing the differential cell made of
MN14 and MN17 that has active load built of MP5-MP8. V. signal can be employed to
generate a variable biasing current in MN18-MN19 and MP9-MP10. ((Resistors R;,R, are
used as negative feedback to stabilize the transconductance of the differential cell. Their TC
values are complementary, so as to stabilize the response of the cell against temperature)).
The biasing circuit has an extra functionality. The circuit can be used and generate biasing for
both cases of differential or not differential input. In other words it can bias circuits with the
options of Vcy=0 V or Vcy=1.6 V. At this point, it should be noticed that the supply voltage for
the first case is equal to Vpp=3.2 V and the ground voltage is equal to Vss=0 V. When
Vew=1.6 V is used, the supply voltage is equal to Vpp=+1.6 V and the ground voltage is equal
to Vss=-1.6 V. This functionality can be applied because of the fact that the biasing circuit also
generates Vgyp Voltage. This option was necessary at the beginning of the design, since there
was a doubt regarding the V¢ voltage of the inputs of the complete circuit that is described

here.

4.1.4 Operational Transconductance Amplifier

Figure 4.6 presents the configuration of the Operational Transconductance Amplifier,
hereafter called OTA. The Operational Transconductance Amplifier consists of two Basic
Transconductance Amplifiers connected in feedback configuration, as it is presented in Figure
4.6.

\
-—]

IN+ Tour.

G m "EB.

-
FE—-

G m Torr-

Ve

Figure 4.6: Operational Transconductance Amplifier (OTA)
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The Transconductance Amplifier is connected in two different configurations in the final
system design. The first configuration is presented in Figure 4.7. In this configuration the
outputs V., and V,, are connected to capacitors. The two capacitors that are connected to
these pins have equal values. From inspection of Figure 4.7, the voltages V,,, ,V; can be
calculated in equations (4.26) and (4.27).

1

VFB+ (a)) = (_Iout— (a))) (426)
j-o-capl

1
Vip. (@) = ———— (-1, (®)) (4.27)
jro

cap2

Foes \
-_— 1N/

G - capl
m S I

4“,
m\ x
IDUT+ | FE- I I capl
. G m
Viv- louT-
MFIN./
Figure 4.7: First OTA Configuration
Also, equations (4.28) and (4.29) are valid for the circuit of Figure 4.7.
Vige = A - Viy, (4.28)
Vig- =Ag - Viy_ (4.29)

Where A4 is the amplifier's gain.

From now on the OTA with feedback will be represented by the symbol presented in Figure
4.8.
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Figure 4.8: OTA Symbol

The second configuration of the OTA is presented in Figure 4.9. This second circuit consists
of Basic Transconductance Amplifiers, Current Mirrors and Resistors. It consists of two

feedback resistors R, = R, = R and two output resistors R, = R, = R,,.

VFB+
v Current
IN1+
— ViN+ Louris I/
lour Tl —> lour
G Toore
I/INI— m Il‘_'lLJIT- [ M.
Vine — irror
Rul
v RF]
FR—
\—/\AA/—’_/\_/ VCMFB
VFB+ RF2
R
V;N2+ \\ o2
o VIN I ... .
" loure | four Current
G IOUTZ* [INZ
Vs m . Iin —» lout
Mirror
VF‘B—

Figure 4.9: Second OTA Configuration

The output currents /,, and [, can be calculated using equations (4.1)-(4.4), (4.15), (4.16)
and (4.24), as follows.

oy = A; - ipy
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loy = AI “Invo

0UT1+ + ZOUT2+)

l]Nl |:GCM le1+ + VFB+ j + GD[VINH ~Vips j + GCM(VWH Vg, j_'_ GD(V1N2+ ~Vipy j:|
2 2 2

|:GCM V1N1+ + V1N22+ +2 Vi, j+ GD(VINH Vo =2 Vg, ﬂ (4.30)

Iny = (ZOUTI +ioura- )

V_+V_ Ve — Vepo Vo T Vg Voo — Vg
|:GCM IN1 FB j+GD( IN1 : FB J"'GCM( IN2 : FB j+GD( IN2 : FB j}

+ +2- + -2
i, = GCM V1N1 V1N22 Vip- j+ GD(lel Vuv; Vip_ H (4.31)
Veurs = Zours (AI + lximl + invz) (4.32)

Where Z ., is the total impedance of the node v, against the analog ground.

Vis- =Veurs + Re - iyva (4.33)

Vige =Veurs + Re - ipy (4.34)

Substituting equations (4.34) and (4.33) in equations (4.30) and (4.31) respectively, the
following equations (4.35) and (4.36) can be derived.

. Gy +G) Vivie T Vivos G, -Gy
Iy = Veurs (4.35)
1-Ggy R +Gp - Ry 2 l Goy R +Gp Ry

. Gy + G Vivie T Vivoo G, -Gy
Iy, = Veurs (4.36)
1-Ggy, "R +G, R, 2 1 Gy R +Gp, - R,
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4.2. System Implementation

This circuit is designed for use as a readout circuit for current sensing applications. The circuit
has wide bandwidth that ranges from DC up to 1MHz. In order to achieve this functionality two
types of magnetic sensors are used, one capturing low frequency components and one for
high frequencies. A Hall device serves the first purpose and a pick-up coil printed on a PCB
board serves the second. Due to offset voltage and temperature stability, Hall sensors are
limited to measurements up to few KHz. Pick-up coil performance is not good at DC, but is
performing well at higher frequencies.

This work includes two tape-outs and accordingly there were two system designs. The first
circuit design is presented in Figure 4.10.

Current

F.'!-l-
—— ] II|,|,I"IN I
lours |~ = Current
Iﬂ.ﬂ'!— I.-'l
Fos m lour Iy —= lour
IM=
Mirror

Figure 4.10: First design of the Readout Circuit

The Final Readout Circuit that is designed is presented in Figure 4.11. This readout circuit,
merges the signal from the coil and the signal from a Hall sensor.

The difference between the two designs is that the first design does not have an amplifier with
output capacitors in order to exact match the frequency response of the output signal. The
two designs are quite similar, so the following description of the second design also
corresponds to the first one.
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To the writer’s knowledge, the only counterpart attempt that was done in the past is described
in [1]. The difference with that design concept is that the second input is a Rogowski coil
instead of a pick-up coil that is used here. The first input is also a Hall device.

Current

Iy = laur —‘
Mirror

+ / Current ™
1.!
m lout- liy —= louT
——] Ve Io,
— Mirror

Figure 4.11: Readout circuit Final Design

The readout circuit consists of Operational Transconductance Amplifiers, Current Mirrors and
RC filters.

It should be mentioned here that the circuit would function in the same manner if the mirror
pair is removed. In this case the current gain becomes equal to zero and the common-mode
rejection ratio of the OTA is not infinite. The input terminal of the current mirror is a low
impedance node, this terminal sinks the common-mode current and generates a common-

mode feedback voltage.

The first input of the circuit is the coil’s output and the second input is the Hall sensor’s output
signal. The Hall sensor response can be described as a low pass filter [1] and the coil’s
response as a high pass filter [2]. The Hall sensor will also be referred to as magnetometer.

The Hall sensor’s output voltage is calculated in equation (4.34)

V., Vi k-1
VOW — of tga ef bb
Rl : C ’ f;‘can

= meas (4.34)
Rl ’ C ' ﬂcan Bref

where Vref is externally supplied reference voltage, k,, is the constant relating the measured

current (bus bar constant) [ and the magnetic field generated B Parameters R, and C

meas meas *

define the nonlinear integrator and f is the scanning frequency [3]. According to the

scan

sampling theorem scanning frequency should be at least two times greater than the

measuring frequency.
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The pick-up coil for high frequency range gives a signal proportional to2-m- k_ - f, .., where
Joneas is the frequency of the measured current and k_is the coil’s constant [3]. The equation
that describes the coil’s output voltage is calculated in (4.35)

V,,=—k -S-2-72-f_ -1, -cos2-z-f_) (4.35)

co meas meas

where S is the surface of the coil and can be described by equation (4.36)
S=N-4 (4.36)

where N is the number of the coil's turns and A is the area of each turn. Also, the current

I can be calculated according to equation (4.37)

meas

Imeas = Imeas(max) ) Sm(2 T f ) (437)

meas

Substituting the following equation (4.38)

Bmeas = kbb ’ Imeas (438)
In equations (4.34) and (4.35), equations (4.39) and (4.40) can be easily derived
V., B
Vout = ! e (439)
Rl : C ' -f:vcan Bref
k,
Vcoil - kc ' S ’ 2 ) 72- ’ fmeas ' Bmeas ' COS(2 ’ 72. ' fmeas ) (440)

bb

The merging circuit is designed in order to add these two signals and get at the output a flat
signal up to 1 MHz. Also, according to the output measured voltage (calculated in (4.35)) the
magnetic field B, is calculated.

According to equation (4.39) the magnetometer’s output voltage response encounters a pole

1
at frequency equal to fo = ————— This response is a low pass frequency response
2-7-R,-C
and the corner frequency is measured at about 30 KHz [3]. According to equation (4.40) the
coil has a highpass frequency response.
The RC filters are added at the outputs of the system in order to introduce cut-off frequency at
1 MHz. This is done according to the requirements of the system function, which is flat output

frequency response up to 1 MHz.

The merging circuit adds these two signals, the signal from the magnetometer and the signal
from the coil.

4.2.1 Frequency Response

The use of the circuit is as a wide-band magnetometer for current sensing applications. The

frequency response block diagram of the circuit is presented in Figure 4.11.
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Signal from : K,

the cail S 1+7,-5 i
Signal from K,

the Hall 1+T. -5

Magnetometer .

Figure 4.12: Frequency Block Diagram

In Figure 4.11, is presented the frequency block diagram of the fabricated final chip. The
signal from the coil is described by a high pass frequency response equation and at this
response, a pole is introduced. The signal from the Hall magnetometer can be described by a
low pass frequency response equation. At the final chip, an RC filter is connected externally
to the output, as it is presented in Figure 4.10. The values of the RC filter components are the
same for both outputs. Thus, adding these filters to the frequency block diagram of Figure

4.11, the final diagram is presented in Figure 4.12.

Signal from
The cail Kl I
L-s 14T s 1475
Signal from
The Hall K, 1
Magnetom eter
I+T,-5 147, -s

Figure 4.13: Final Frequency Block Diagram

In Figures 4.11 and 4.12, the signals are described by general form equations in the
frequency domain. In Figure 4.13 the actual implementation of the final frequency block

diagram is presented, including the actual frequency response equations.
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Signal from X

' : S
Thecdl | A Hu(S) Brness(S) AvrHL(s) Vs R j ()
Signal from
TheHall
Magnetometer Gair HL(s) 1/(1+s(R-C)) Xg(S)

Figure 4.14: Actual implementation of the Frequency Block Diagram

In Figure 4.13 there are equations that describe the system’s signals and will be explained
below. Equation (4.41) describes the signal from the coil, where 4, is the gain of the coil and
is proportional to—, S and B

meas *

A, -H,(s) B, (5) (4.41)

H ,, (s) describe the high pass response of the coil.

Equation (4.42) represents the coil’s signal at the output of the amplifier that is added at the
system in order to introduce a pole with varying amplitude and varying cut-off frequency at the
frequency domain response.

A, -H,(s) (4.42)

Where A, stands for the (externally) varying gain which is introduced at this point of the
system and H, (s)describe the low pass filter which is introduced. Its cutoff frequency is
controlled by the values of the capacitors (cap), which are presented in Figure 4.10.

GH

a

uHp(s) (4.43)

Equation (4.43) describes the magnetometer’s signal, where G, is the gain of the Hall low
frequency channel and is given by equation (4.44) [4] and H, (s)refers to the pole that is
introduced by the magnetometer [3].

Vref
GHall = A .Bmeas (S) (444)
ref
Equation (4.45) describes the RC filter's response, where R, C refer to the values of the
resistor and capacitor of the filter.

1

m (4.45)

In the actual implementation of the system, the first output signal X,(s) of Figure 4.13 can be
described by equation (4.46). The second output signal X,(s) can be described by equation
(4.47), respectively. These two output signals are added at the output of the system, as it is

also presented in Figure 4.13.
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X,(8)= (A4, - H}; (5) B,y (8)) (A - H, (5))- (ﬁmj (4.46)

eref 1
Xz(S)I(B“ 'Bmeas(S)'HL(S)]'(mj (4.47)

ref

The output of the merging circuit can be described by equation (4.48)

X(s)=X,(5)+ X, (s)

X()=| s _(A Hy(5) B () (A H, (5)) | 2B (-1, ()
§)= 1+S(RC) ] 1 a\s meas \S var jAC) Bref meas \S L\
= —1 i . . . V;ef . .
X(s)—[HS(R_C) _(Al Hy () (4, HL(s>)+( B, HL(s>J Byus(s)  (448)

By inspection of equation (4.48), B can be calculated if the poles and the zeros are

meas

matched in order to achieve flat output frequency response.

According to simulation and measurement results that are presented below, this can be done
in order to achieve flat output frequency response.

4.3. Readout Circuit Design
The design of the Readout Circuit is done according to the following tradeoffs:

= Amplifier's Gain, having also in mind that the circuit is connected in feedback

topology. Thus there is also a frequency-amplitude tradeoff.
= Small area of the final chip.

= Restrictions that may arise according to the inputs, the coil’s and the magnetometer’s
signals.

The Basic OTA gain is chosen in order to have adequate signal amplification, avoid

oscillations and fulfill the input signals restrictions.
The OTA’s gain is calculated according equation (4.49)
Gm=Vo/(Vi'RL) (4.49)

Where G, is the OTA’s gain, V, and V; are the output and input voltage signals respectively
and R, is a resistor that is connected to the output for calculation purpose. Here G,,=1. This

selection is done in order to be sure that no oscillations will occur, since the system is
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connected in feedback loop and consists of coil and resistors. Besides that, in order to
compare it with a similar design [3], also the output gain that is described there is low.

The gain is mainly proportional to the size of the transistors and in accordance to the current.
There is a limitation in the total layout size of the design. The layout size is proportional to the
size of the transistors. So, there is tradeoff between the gain and the size. The size that is
chosen is considered the most convenient in order to have enough gain, small overall design
size and avoid the possibility of oscillation. The OTAs used at this design should and do have
enough phase margin in order to be sure that the circuit will not oscillate since it is connected
in feedback configuration.

Also, an important parameter is the restriction that may arise according to the signals at the
inputs of the design. During the design, the input’'s performance and signals was taken into

account.

It is important here to highlight the fact that compensation resistors and capacitors cannot be
used because the flat frequency response at the output will be changed and as it has already
been described the poles and zeros of the circuit are really crucial to the output response.
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5. Simulation & Measurement
Results

5.1 Simulation Results

The design of the circuit and the simulation results that are presented here are simulated with
Cadence tool [1]. The design process is austriamicrosystems [2] AMS 0.35 , H35B4D3, High
Voltage. The reason for this choice is that this design is a part of a bigger one which
incorporates Hall sensor and the Hall sensor had to be developed in this process. The choice
of this process was also convenient for this design part.

5.1.1 Input models

In order to simulate the system, the first step was to model the inputs of the system. Thus, a
model for the flat coil is designed as the first input and a model for the Hall sensor’s response
is designed as the second input. The Hall sensor hereafter will be also called as
magnetometer. These models are designed in accordance to the measurements and
response results of the flat pick-up coil and the Hall magnetic sensor.

The coil and the Hall sensor measurements are based on a magnetic field and are
proportional to a corresponding voltage. Thus, in order to design the models, there is the
same voltage at the input of the coil and the magnetometer which stands for the magnetic
field measurement. Besides that, the Hall sensor and the coil have a specific gain. These gain
values are also included in the Cadence models that are designed. These values are
calculated according to the flat pick-up coil report [3] and to the magnetometer’s response.
The models that have been designed in Cadence are presented in Figure 5.1. There is a
common input voltage source at the input of the two models. At the upper part of Figure 5.1
the coil's model is presented and below is the Hall sensor’s model, respectively. By inspection
of Figure 5.1, the parasitic resistance and capacitance of the coil are included in the model
design. The values are those that have been measured in [3]. Also, the Hall sensor is

modeled as an RC filter, according to the report of the Hall sensor’s designer [4].
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Figure 5.1: Cadence schematic of input models

5.1.1.1 Pick-up Coil

A pick-up coil can measure a current waveform according to the change of the magnetic flux.
A coil which has a couple of turns can be used as a sensor, having also the advantage of a
compact and simple structure. According to the report for the flat pick-up coil [3] using
equations (5.1)-(5.4) the induced voltage can be calculated.

o s -
PR gy dt '
Where S is the total surface, B=B,__-sin ot (5.2)
U ichp = —SBy0cos ct (5.3)
U ity =SB ®@ = NAB,,, 27 (5.4)

For the coil that is used here the numbers of turns are 4 and the surface of each turn is 5mm?.

According to the flat-coil report [3] L=0.2uH and R=0.2 Ohm. At the model that is presented in
Figure 5.1, there are also two capacitors in order to model the parasitic capacitance of the
coil. As it is presented in Figure 5.1, there is an input voltage reference source. The input
current of the pick-up coil is modeled as a controlled voltage current source. The gain of this
current source is calculated in accordance to the results of the pick-up coil report [3].

5.1.1.2 Hall Sensor - Magnetometer

The Hall sensor’s response is modeled as an RC filter with the corner frequency measured at
about 30 KHz [4,5]. There is a controlled voltage, voltage source at the input of the RC filter in

order to model and include the magnetometer’s gain.
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5.1.2 Simulation Results with modeled inputs

In Figure 5.2 the simulation results for the two inputs are presented in the frequency domain.

On the right part of Figure 5.2, the coil’s response is presented and on the left part the RC

filter's (Hall sensor’s) response is presented, respectively. By inspection of Figure 5.2, the

coil’s frequency response is a high-pass response while the Hall sensor’s response is a low-

pass frequency response.
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As it has already been described, a pole is introduced into the coil’s response. The frequency
response of the coil, before and after the influence of the pole is presented in Figure 5.3, the
figures on the left and on the right part respectively. This is done in order to be able to add the
signal from the coil and the signal from the Hall sensor in order to get a flat output frequency
response. When the parameters of the system are chosen in order to match the pole and
amplitude from the coil and the pole and the amplitude from the magnetometer, the frequency
response at the output is flat.

The system is designed in order to be able to change the corner frequency and the amplitude
of the coil's response that is presented in Figure 5.3 and thus match the two signals at the
output. The corner frequency can be changed by changing the values of the capacitors (cap)
of the readout circuit (described in Chapter 4). The amplitude can be changed by changing
the V.,y iNput voltage that is applied by the biasing circuit.

In Figure 5.4 the frequency response results of the input voltages and the output currents are
presented, for different values of the capacitors (cap). It should also be highlighted here that
the values of both capacitors are the same.
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Figure 5.4: Input voltages and output current frequency response for varying cap values

As it is presented in Figure 5.4, for different capacitors values there are different corner
frequencies. The low-pass response of the left part of Figure 5.4 is the magnetometer’s
response and the high pass response is the coil's response. As it is presented, the coil’'s
response varies in accordance to varying capacitors values. Thus, the appropriate corner
frequency can be adjusted and applied in order to match the signals and get flat output
response. In Figure 5.5, the corresponding output voltage response for varying capacitors

values is presented.
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Figure 5.5: Output voltage frequency response for varying cap values
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Figure 5.6: Input voltages and output current frequency response for varying amplitude values

In Figure 5.6 the frequency response results of the input voltages and the output currents are
presented. Here, also the magnetometer’s and the coil’s response are presented on the left
part of Figure 5.6, but in this case the OTA’s gain exhibits different values. The OTA’s gain
can be controlled by the Vscon Voltage of the biasing circuit. For varying Vscon values,
varying biasing current values and varying OTA’s gain values are achieved and in accordance
varying amplitude signal values. The appropriate value of the OTA’s gain and the Vscon
voltage can be chosen and applied in order to match the signals and get flat output frequency
response. In Figure 5.7, the corresponding output voltage response for varying Vscon Voltage

values is presented.
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Figure 5.7: Output voltage frequency response for varying amplitude values
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Figure 5.8: Voltage output frequency response

In Figure 5.8, the chosen voltage output frequency response of the readout circuit is
presented. That response is the result of the subtraction of the output voltages. The RC filter
at the output introduces a pole at 1 MHz, as it can be also verified by the response of Figures
5.5,5.7 and 5.8.

The transient response of the coil at the first input is presented in Figure 5.9. The coil's
transient response is measured for various frequency values equal to 1 KHz, 10 KHz, 100
KHz and 1 MHz.
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Figure 5.9: Coil input (transient response)

In Figure 5.10, the transient response of the magnetometer’'s model at the second input is

presented, for various frequency values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz.
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Figure 5.10: Magnetometer’s model (transient response)

In Figure 5.11, the transient response of the current at the output is presented for frequency
values equal to 30 KHz, 35 KHz, 40 KHz and 45 KHz. These values are near the pole of the
magnetometer which is calculated at frequency equal to 37 KHz, according to the
magnetometer’s design at this point. By inspection of Figure 5.11, the amplitude of the

measured current at the output is the same, for the aforementioned frequency values.
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Figure 5.11: Output current transient response (low frequencies values)

In Figure 5.12, the transient response of the current at the output is presented for frequency
values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz. As it is presented in Figure 5.12, the
amplitude of the output signals is the same for frequencies lower than 1 MHz. The output
signal’'s amplitude is lower at 1MHz. The results of Figure 5.12 are in accordance and confirm

the frequency response results.
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Figure 5.12: Output current transient response (high frequencies values)

In Figure 5.13, the output voltage transient response is presented for frequency values equal
to 30 KHz, 35 KHz, 40 KHz and 45 KHz. By inspection of Figure 5.13, the amplitude of the

measured current at the output is the same, for the aforementioned frequency values.
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Figure 5.13: Output voltage transient response (low frequencies values)

In Figure 5.14 the output voltage transient response is presented for frequency values equal
to 1 KHz, 10 KHz, 100 KHz and 1 MHz. As it is presented, the amplitude of the output signals
is the same for lower frequencies up to 1 MHz and is reduced at 1MHz. The results of Figure
5.14 are in accordance and confirm the frequency response results.
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Figure 5.14: Output Voltage transient response (high frequencies values)

The parameters values for the above simulation results with models at the inputs are

presented in Table 5.1

Amag 6

Vscon 1.4v

75

Institutional Repository - Library & Information Centre - University of Thessaly
15/06/2024 16:41:48 EEST - 3.144.38.110



Galvanically Isolated, Wide-Band Current Sensors

Rr 1 Ohm
cap 2.2n
Rout 1 KOhm
Cout 150p

Table 5.1: Parameters values for modeled inputs

Where An,4 stands for the magnetometer’s gain and is used as a parameter at the voltage
controlled voltage source. Vscoy is the input voltage that is applied at the biasing circuit. Rg
stands for the value of both the feedback resistors which have equal values. Cap is the value
of the equal valued capacitors. R, and C, are the values of the resistance and capacitance
of the RC filter which is connected at the output.

5.1.3 Simulation Results with the Hall sensor circuit

The Hall sensor’s model is replaced by the Hall sensor circuit. The transient simulation results
of the coil and Hall sensor transient response for frequency values equal to 1 KHz, 10 KHz,
100 KHz and 1 MHz are presented in Figures 5.15 and 5.16, respectively. In this case there
was not possible to simulate and plot frequency response (ac response) results. This is so,
because the Hall sensor’s circuit includes also digital components.

In Figures 5.17 and 5.18 the transient response of the output current and output voltage are
presented for frequency values equal to 1 KHz, 10 KHz, 100 KHz and 1 MHz. According to
the results, the amplitude of the output signals is the same for lower frequencies up to 1 MHz
and falls at 1IMHz. These results are in accordance to the results that are plotted using a
model for the magnetometer. Also, these results are in accordance to the design
specifications.

The parameters values for the above simulation results are presented in Table 5.2. In this
case, there is a parametric output voltage value of the Hall sensor and for varying values of
that voltage the Hall sensor’'s amplitude can be adjusted. That parameter is a part of the Hall
sensor and is not presented here in detail.

Vscon 1.4V
Re 1 Ohm
cap 4n
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Figure 5.17: Output Current transient response
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Figure 5.18: Output Voltage transient response

It should be highlighted here that the simulations with the Hall sensor at the second input
lasted a period of some weeks. This is so because of the fact that the Hall sensor has digital
components and thus there was not possible to have frequency response (ac) simulations. In
order to get the required output response, the Hall sensor’s parameters were set (with the
help and guidance of the Hall sensor’s designer) and also the parameters of the readout
circuit. Parametric transient response simulations were done for different parameter values in
order to choose the ones that would result to the same current amplitude and voltage
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difference output response for frequencies lower than 1 MHz, as it is presented in Figures
5.17 and 5.18.

As it will be described later, according to the fabricated chips measurements the results have
0 Volts CM at the output when the Hall sensor is connected. The setup and results of Figures
5.17 and 5.18 have been chosen in order to present the correct output functionality of the
circuit having in mind that ac response simulations where not possible at this point.

5.2 Fabricated Chips

This work includes the fabrication and measurement of two tapeouts and also the final PCB

design and measurement.

The first tape-out was sent in May 2009 and the fabricated chip was delivered in August 2009.
The top-level Layout view of the first fabricated chip with pins is presented in Figure 5.19. The
dimensions of this layout, including pads, are 1.950 x 1.810 um?. The microphotograph of the
resulting silicon die is presented in Figure 5.20. The chips have been produced using the
Multi Project Wafer service of AMS. The figure of the first fabricated chip is presented in
Figure 5.21. In Figure 5.22 there is a zoomed-in view regarding the pins.

Figure 5.19: Layout view
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Figure 5.20: Microphotograph

Figure 5.21: First Fabricated chip
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Figure 5.22: First Fabricated chip, pins

According to the results of the measurements of the first fabricated chip, improvements have
been done to the design and a second tape-out was sent in February 2010. The top-level
Layout view of the second fabricated chip with pins is presented in Figure 5.23. The
dimensions of this layout with pads are 2.303 x 1.810 um?. The second fabricated chip was
bonded on a DILL support and encapsulated and was delivered in September 2010. In Figure
5.24, the photo of the second fabricated chip is presented.
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Figure 5.23: Layout view

Figure 5.24: Second Fabricated chip (DILL)
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5.3. Measurement Results
5.3.1 First Fabricated Chip measurements

The first fabricated chip was different from the design of the DILL that is described in Figure
4.10. It turned out, according to the measurements of the first chip that this design
architecture does not function as expected. The first design did not give the opportunity of
tuning amplitude for the coil response. The measuring board of the first fabricated chip is
presented in Figure 5.25.

Figure 5.25: Measurement Board of the first fabricated chip

The feedback and the output resistors can be seen by inspection of Figure 5.25. The values
of these resistors that are used for the measurement results are, Rpa=Rrg=10 Ohm (the blue
ones) and Ry,;=Ry,=1 KOhm (the brown ones). The measurement results are presented in the
plot of Figure 5.26. The values of the input signals are v;,,.=80 mV (p-p) and V;,;1.=80 mV (p-
p). The supply voltage is equal to Vpp=3.2 V and V¢y=1.6V. The output response is measured
for frequency range 100 Hz — 1 MHz.
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Figure 5.26: Measurement Results of the first fabricated chip

According to the above measurement results and conclusions regarding these results, there
was a second design. The schematic of the second design is presented in Figure 4.10 and
the function that describes the output of the circuit is presented in accordance in Chapter 4. It
turned out that the gain should be improved and the functionality of the varying pole position,
that has already being described, should be added.

5.3.2 DILL Measurement Results

The measuring board of the DILL is presented in Figure 5.27.
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Figure 5.27: Measurement Board

From inspection of Figure 5.27, the capacitors which are called cap at the system design
figure/description are connected externally. Also, from inspection of Figure 5.27 the output

resistors can be seen.

In order to measure the chip, a coil is used as the first input and an RC filter is used as the
second input in order to model the Hall sensor's output. The measurement results are
presented in Figure 5.28. The parameters’ values that are used for that measurement are,
Rea=Rrs=1 Ohm, Ry;=Ry»=1 K and cap=2nF. The supply voltage is equal to Vpp=3.2 V and
Vem=1.6V.
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Figure 5.28: Measurement Results of the second fabricated chip

5.3.3 PCB Measurement Results

A Printed Circuit Board is designed, including the merging circuit (readout circuit) that is
presented here and the flat coil. The schematic view of the PCB design is presented in Figure
5.29.

Figure 5.29: PCB schematic view
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The PCB is presented in Figure 5.30

Figure 5.30: PCB

The measurement setup of the PCB, only with the coil in the one input of the merging circuit is
presented in Figure 5.31.
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Figure 5.31: PCB measurement setup

The measurement results of the PCB with the flat coil at the first input are presented in Figure
5.31. The parameters’ values that are used for that measurement are, Rpa=Rgz=10 Ohm,

Ro1=Rq>=1 K and cap=2.2nF. The supply voltage is equal to Vpp=3.2 V and V¢cy=1.6V.

4 L e M

10' 107 10° 10° 10° 10° 10

frequency

Figure 5.32: PCB measurement results, with flat coil at the first input

The measurement setup of the PCB with the flat coil connected to one input and the
magnetometer connected to the other input of the merging circuit is presented in Figures
5.33a, 5.33b and 5.33c. As it can be seen by inspection of Figures 5.33a, b, c, the Hall
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magnetic sensor incorporates a shielding device. This device was chosen and designed
according to the results of the Magnetic Field Simulator that is presented in Chapter 6.

Figure 5.33a: Measurement setup

Figure 5.33b: Measurement setup
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Figure 5.33c: Measurement setup

The measurement results of the whole system, with the flat pick-up coil at the first input and
the magnetometer at the second input of the readout circuit are presented in Figure 5.34. The
parameters’ values that are used for that measurement are, Rea=Rrz=10 Ohm, R,;=Ry,=1 K
and cap=4nF. The supply voltage is equal to Vpp=3.2 V and Vcy=1.4V. The coil’'s signal
amplitude is equal to 5mV p-p and the Hall sensor’s signal amplitude is equal to 84mV p-p.
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Figure 5.34: Measurement Results
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6. Magnetic Field Simulator

6.1 Introduction

Magnetic Field Simulator (MFS) is an open source software tool developed in Matlab [1] script
language that is capable of solving 2D, quasi-static electromagnetic problems inside and
around current conductors and/or conducting shields.

In a primitive implementation of a galvanically isolated current sensing structure, the current
conductor curries current | that induces flux density B sensed by the Hall elements, as it is
presented in Figure 6.1. The operation of this device is limited up to few KHz of magnetic field
frequency. High frequency magnetic field components induce Eddy Currents into the Hall
plate [2]. These Eddy Currents disturb the uniform flow of the biasing current within the Hall
plate, destructing the sensitivity of the device even as low frequencies as DC. This is a non-
linear effect [3], thus a linear electronic filter cannot be used to filter out high frequencies.

Figure 6.1: Primitive implementation of a galvanically isolated current sensing structure

The intention is the development of a flux shaping device in order to filter out high frequency

(parasitic) field components. We leverage the Eddy Current effect induced by high frequency
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field components [4]. A CAD tool has been developed in order to simulate the behavior of

shields with different shape as the one presented in Figure 6.2.

Figure 6.2: Current sensor incorporating a copper ring providing appropriate shielding against high

frequency field components

6.2. Theory

The EM problem describing the skin effect in conductors can be formulated by means of

scalar potential @ and vector potential A that are defined in equations (6.1) and (6.2) [5], in a

way to satisfy the two first Maxwell equations as presented in equations (6.3) and (6.4).

Where, @ is the magnetic flux and A is the magnetic potential. The wave equations result

from the latter two Maxwell equations as derived in equations (6.5) and (6.6). In equations

(6.1)-(6.6), it is assumed that the space is linear and isotropic.

VxA=u-H and V0K=—,u~5~%
Fo-vap-4
ot
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VxE——VxVCD—QVxA——,u aﬂ (6.3)
ot ot
y-VOFIzVOVXZzO (6.4)
— — =
VxﬁszVx£=j+8-a—Ec>VZZ—,u-8-af=—,u-.7 (6.5)
Y7, ot ot
2
g-VeE=—g-V’®- gﬁVOA PS>V O ,ugaq) _P (6.6)
ot o’ £

H is the magnetic intensity, E is the electric field, p is the free charge density, € is the
permittivity and o is the electrical conductivity. The current density J in a conductor is derived
in equation (6.7). The continuity equation for the current is presented in (6.8). From equations
(6.8) it follows that p — 0 for t — +a. Thus, in the steady state, the divergence of J and E are
zero within the conductor, as it is presented in (6.9).

J=c-E=-c-VO-0- G_A (6.7)
ot
Vej=_P
Ol p=p, e/ (6.8)
_ o p po "
VQJ:—-p
£
VeJ=VeE=0 (6.9)

Following equations (6.7) and (6.8), the wave equations in the steady state become as
presented in equations (6.10) and (6.11). Equations (6.10) and (6.11) can be further simplified
in case propagation phenomena are neglected, as it is presented in equations (6.12), (6.13)
and (6.14). In the latter case the scalar potential @ does not vary with time and the
divergence of the vector potential A is zero, as follows from equation (6.2). Equations (6.12),
(6.13) and (6.14) describe generally the skin effect in current conductors.

V22+(a)2~,u~g—i-a)-,u)~z=,u-a~VCD (6.10)
VO-0" pu-e-®=0 (6.11)
VD=0 (6.12)
VZZ—i-a)-,wZ:,u-J-VCD (6.13)
VeA=0 (6.14)
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Alternatively, equations (6.15), (6.16) and (6.17) can be used to model the skin effect. These
equations are derived by means of Maxwell equations (6.3) and (6.4) and — even though they
assume zero divergence — they do not ensure the condition for zero divergence of E and H
that is expressed by (6.4), (6.6), and (6.9). Solutions based on (6.15), (6.16) and (6.17) are
correct in case of special conductor geometries - like cylindrical conductors - where the zero
divergence condition is satisfied due to the physics of the problem; the solution is correct,

despite the fact that zero-divergence condition is not ensured.

VH—i-o-u-H=0 (6.15)
VE-i-w u-E=0 (6.16)
Vi —i-w-u-J=0 (6.17)
_ neJ i-w _ — ..
neVb=——2———.ne 4 : Constant Current Excitation
o o o (6.18)

® =@ : Constant Voltage Excitation
nevp=_""2 1'® 54 ZD =0 : At theConductor Side (6.19)

VxB =4 (6.20)

To model the skin effect and subsequently calculate the magnetic field around a current
conductor, one should solve the system of elliptic equations shown in equations (6.12), (6.13)
and (6.14). This imposes the need for derivation of two sets of boundary conditions, one set
for A and one set for @. Nevertheless, the boundary condition derivation is generally a three-
dimensional problem. If somebody needs to reduce the problem in two dimensions the
following procedure must be obeyed. The problem for @ must be solved on a plane that is
parallel to the current-flow. The aforementioned problem can be solved, provided either that
the conductor is symmetric around the current-flow axis, or that the conductor has negligible —
or very large - dimensions along a given orientation; the conductor is two-dimensional. Then
the problem for A can be solved on a plane that is normal to the current-flow axis, provided
that the conductor is long enough. A convenient way to derive boundary conditions, in case of
constant current excitation, is to assume a very thin current conductor, carrying the same
current as the original one and being parallel with it. It can be assumed that, in a very large
distance, both conductors induce the same A. In the case of constant voltage excitation, the
problem for @ can be solved independently, as in the electrostatic case. Then A is calculated
by means of Neumann boundary conditions that are neVA = 0 [4]. Neumann boundary
condition is a type of boundary condition, when imposed on an ordinary or a partial differential
equation it specifies the values that the derivative of a solution is to take on the boundary of

the domain. It is essential to notice that the normal components of A, J, and E are zero at the
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current-conductor boundary, because the current cannot leave the conductor. Boundary
conditions for the aforementioned cases are presented in equations (6.18), (6.19) and (6.20).

6.3. Magnetic Field Simulator (MFS)

MFES is a pure 2D Partial Differential Equation problem solver. It assumes that the conductor
length (z-dimension) is infinite. As a result one may easily prove that only z-components of A
=A-z,J = J-z, and E = E-z exist while x-, y-components are zero. Similarly, B = Bxx + By-y.
In this case equations (6.12), (6.13) and (6.14) become as it is presented in equations (6.21),
(6.22) and (6.23). For constant current excitation, where the total current is denoted with 1,
equation (6.23) may also be applied. The system of equations (6.22) and (6.23) is solved

iteratively.
VO =0
=>Vb=c (6.21)
NeVd =0
VA-i-o-u-A=pu-o-cC (6.22)
{Sjod§=—a~§s(c+i ‘- A)-dS =1 (6.23)

The simulator algorithms that are written have been implemented in Matlab so as to form a
useful software tool. This tool has been employed for the simulation and optimization of Flux-
Shaping devices that may be optimally used to filter out high frequency (parasitic) magnetic
field components in Current sensors.

6.3.1 Simulator Description

MFS simulator has as input domain properties and parameters values, calculates and gives
as a result simulation data. These simulation data include the z-components of magnetic
vector potential A and current density J, and the x, y components of magnetic flux density B.
These data are stored and used in order to plot the results.

Before setting-up a simulation, the geometry of the Partial Differential Equation (PDE)
problem needs to be specified. That is accomplished by the specification of the Geometry
Description matrix gd and the Name Space matrix ns. Each column of gd matrix corresponds
to an object in the solid geometry model. Four types of solid objects are supported, circle
solid, polygon solid, rectangle solid and ellipse solid. Each column of ns matrix contains N
characters (one character per row) composing the name of the solid object that is described
in the corresponding column of the gd matrix. There are two ways to define gd and ns
matrixes. The first one is to type them manually in Matlab workspace and the second one is to
use Matlab pdetool function that launches a user friendly GUI environment. In either case gd
and ns matrixes are temporarily stored in Matlab Workspace as Matlab Variables and are

used by MFS function makeg to generate the Decomposed Geometry matrix g. This matrix is
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required by MFS function which is called FEM, in order to execute the simulation. In order to
execute the makeg function, a parameter that is called bdim must be specified. This
parameter defines the distance measured from point (0,0) at which the magnetic flux density
is not affected by the special conductor shape. Parameter bdim can be calculated by using

equation (6.24)

1
B=py——— 6.24
H 22 h (6.24)

dim
Function makeg stores the Decomposed Geometry matrix g in the MATLAB Workspace in

MATLAB Variable format. Moreover, it saves g and gd matrixes in the makeg.mat and the

makeg.par files respectively. A makeg.log file is also created.

Apart from defining the geometry of the 2D solids, their type must be specified with respect to
the solid functionality in the PDE problem. Four kinds of types are supported, current

conductor, passive shield, infinite current conductor and vacuum.

e Current conductor is a device connected to a power source, in which the current distribution
is affected by eddy current effects.

¢ Passive shield is a conductive device that is not connected to a power source, in which the
current distribution is attributed completely to eddy current effects resulting to zero total

current.

¢ Infinite current conductor is a device connected to a power source, in which the current

distribution is not affected by eddy current effect and is therefore constant.
e Vacuum, in which no current conduction is allowed.
The domain properties are defined by means of the MFS function makeg.
Also, a number of parameters must be defined as the simulator’s input.
These parameters are:

¢ Mesh Density (meshref): Defines the density of the mesh. This parameter is a positive
integer and usually takes values between 2 and 4. Values larger than 4 may force the
simulator to stall.

e Solution Tolerance (tolerance): MFS uses an iterative algorithm which finish when the
absolute difference between two subsequent solutions become smaller than the tolerance
parameter. This parameter is a positive double number and takes values between 10 and

10°°, depending on the problem.

e Max lterations (iter): This parameter sets the amount of the algorithm’s iterations. It is a

positive integer and takes values between 100 and 1000.

e Max x-coordination to export results (xmax): MFS exports the solution in a way that can be

used with Matlab for further analysis. The solution is saved in a rectangular space that is
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defined by the vertexes (-xmax -ymax), (xmax -ymax), (xmax ymax) and (-xmax ymax).

Parameter xmax is positive double number.

¢ Max y-coordination to export results (ymax): MFS exports the solution in a way that can be
used with Matlab for further analysis. The solution is saved in a rectangular space that is
defined by the vertexes (-xmax -ymax), (xmax -ymax), (xmax ymax) and (-xmax ymax).

Parameter ymax is positive double number.

e Export Accuracy (xydim): This parameter defines the discrete step between points in [-xmax
xmax] and [-ymax ymax] intervals that are denoted as xstep and ystep respectively. It is
determined by the relations xstep = 2-xmax/xydim and ystep = 2-ymax/xydim.

o Permeability (mu): This parameter defines the permeability of conductors and shields.
e Conductivity (sigm): This parameter defines the conductivity of conductors and shields.

e Conductor Current (Isource): This parameter defines the total current that flows in all
conductors.

e Frequency (f): This parameter defines the frequency of Isource.

6.3.2 Simulator Functions

The simulator consists of six functions which are, makeg, makeb, makebscript, setfempar,
FEM, pdeplot.

First of all, makeg function is set and executed. This function takes as parameters, gd, ns,
bdim and pathdef. Parameter pathdef contains a string that specifies the path in which
makeg.log, makeg.par, and makeg.mat files are saved. When this function is executed Matlab
asks the user to define the domain properties. Thus, the Decomposed Geometry matrix g is
calculated and stored in the Matlab Workspace, in Matlab variable format. Also, the gd matrix
is saved.

After that, the setfemparam function is executed. This function has as parameters, pathdef
and fileid. Parameter pathdef has the same definition as for makeg function. Parameter fileid
can be used to attach a string to the name of the parameter file. This functionality gives the
user the opportunity to save the results of multiple simulations with different parameters (for
example with different frequency) but having the same geometry. When this function is
executed, Matlab asks from the user to define the algorithm’s parameters, that have been
described above. After that, the algorithm’s parameters are stored in the Matlab Workspace,

in a .par file.

Then, functions makeb and makebscript are executed. These functions are not called by the
user but are called and executed internally by function FEM. FEM is the main simulator’s
function. FEM function takes as parameters pathdef and fileid. FEM reads the geometry data
and the algorithm parameter data and calculates and stores the results in files in the Matlab

Workspace.
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Now that the calculations have finished, the simulator is ready to plot and present the results.
There are two ways to present the results that have been calculated by FEM function. The
first one is by means of standard Matlab plot function and the second one is by special Matlab
pdeplot function. For the first option variables Axy, Jxy, BXxy and BYxy can be used, while
the latter requires variables A, J, BX and BY in addition to p, e and t. The syntax of both
functions is described in Matlab Help.

6.4. MFS Simulation Results

MFS simulation results are presented below.

A rectangular current conductor with dimensions 10 x 1 mm?, as the one presented in Figure
6.3 is being tested. Total current | = 600A is flowing through the conductor. The magnetic flux
density is measured at the conductor surface at several positions and frequencies, as it is
presented in Figures 6.4 and 6.5 respectively. The position results in Figure 6.4 are

normalized.
b
X
Figure 6.3: Rectangular current conductor
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Figure 6.4: Magnetic Flux Density against Position
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Magnetic Flux Density (Magnitude) against Frequency
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Figure 6.5: Magnetic Flux Density against Frequency

The 2D current conductor (made of copper) with the cross-section presented in Figure 6.6
has been tested as current sensor. Dimensions are stated in Figure 6.6 and measured in
millimeters. The total current cross-section area is S = 3.5x10™° m? Constant current | = S x
Ocopper = 2100 A is flowing through the conductor, where 1/0cqpper is the resistivity of pure
copper. The electric field intensity within the conductor is E = dV/dx = 1 V/m. The lower part of
the conductor serves also as the support of the 2D HALL (vertical and horizontal) pair.

y

5.0

__ B X
\

\
2D HALL

—
o

15.0

Figure 6.6: Current conductor (made of copper)
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MFS Simulation results for the conductor of Figure 6.6 are presented in Figures 6.7 and 6.8,
where flux density against position and against frequency is presented. The position results in
Figure 6.7 are normalized.

Flux Density (Magnitude) against x-position
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Figure 6.7: Flux Density against x position
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Flux Density (Magntiude) Against Frequency
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Figure 6.8: Flux Density against Frequency

According to the results that are presented in Figures 6.7 and 6.8 we can assume that a chip
with dimensions 2x3 mm? containing a pair of vertical and horizontal Hall devices that is
positioned in a way that the vertical device is at the x=6mm position, while the horizontal is at
the x=3mm position can be used as high frequency current sensor. The vertical device works
as a high-pass magnetic filter, while the horizontal one is a low-pass filter.
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Figure 6.8: Intensity for Low Frequency Current
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Figure 6.9: Intensity for High Frequency Current

In the above Figures 6.8 and 6.9, MFS simulation results are presented for a device having
the shape that is show in the Figures. For the same current conductor, the intensity is

presented against position, for low and high frequency current respectively. The position is

103

Institutional Repository - Library & Information Centre - University of Thessaly
15/06/2024 16:41:48 EEST - 3.144.38.110



Galvanically Isolated, Wide-Band Current Sensors

normalized. For the conductor of Figures 6.8 and 6.9, the intensity against position for various

frequency values is presented in Figure 6.10. The position here is also normalized.
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Figure 6.10: Flied intensity at the conductor’s surface

According to the results of Figures 6.9 and 6.10, a vertical Hall device at position 0.4 works as

a low-pass magnetic filter.

MFS simulation results for the current sensor of Figure 6.2 are presented in Figures 6.11 and
6.12.
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Figure 6.11: Flux Density against x position for various frequency values
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Figure 6.12: Flux Density

According to the simulation results of Figure 6.11 if the Hall sensors are place at x=-0.005
and x=0.005 positions, these devices work as low-pass filters.
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