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Abstract

With the increasing use of electricity powered devices and processes in our daily lives,
the need for the precise measurement of electrical currents across more than 15 decades
from below nA to tens or hundreds of kA has become inevitable both for billing and more
optimal energy distribution purposes as well as for the operation and automatization of
electrical devices.

A particularly noticeable increase in measurement demand can be observed in direct-
current (DC) systems due to the massive deployment of renewable energy sources, such as
wind and solar power plants and grid storage systems, and the transition of the automotive
industry to electric mobility. Some of these systems may require high-voltage isolation and
peak currents in excess of kA. The existing standard compact and lower cost current sensing
solutions hardly ever achieve an overall measurement uncertainty below 1%, mainly due
to offsets and hysteresis; their typical bandwidth is in the range of 250 kHz, and they may
also be noisy.

The main goal of this doctoral dissertation was thus to design and characterize a new
method and device for the high-precision wide-bandwidth isolated measurement of direct
and alternating electric currents. A particular focus was on achieving key performance
parameters, such as high accuracy, precision, sensitivity, wide bandwidth, low noise, and
low temperature drift dependency by a simpler construction when compared to the current
best state-of-the-art implementations, thus targeting the use of a single gap-less core,
low power consumption, and small form factor also suitable for typical networked devices
constituting the Internet of Things.

As part of this doctoral dissertation, we first conducted an overview of the widely used
methods and principles of current measurement with their corresponding benefits and
drawbacks, and developed the necessary models of magnetic circuits for the open-source
ngspice simulation environment upgraded into a full co-simulation framework with Verilog
and embedded firmware. This knowledge base and research environment were subsequently
used to develop, simulate, and verify a new basic element for magnetic circuits with a
current controlled variable reluctance (CCVR) used for changing the amplitude or the
direction of the magnetic flux and thus making it measurable. This element consisting
of a gap-less core and a specific winding combined with the control electronic circuitry
constitutes the Platiše Flux Sensor. The new wiring and compact gap-less implementation
deliver low offset and hysteresis, a bandwidth in the MHz range, low power consumption,
and low noise operation.

Finally, we integrated the novel Platiše Flux Sensor in a functional prototype of a
closed-loop zero-flux DC current transducer (CT). This prototype has been thoroughly
tested, validated and characterized in a reference setup. We have shown that a 40 A range
low current transducer based on the novel method achieved an overall superior performance
compared to representative comparable devices based on alternative technologies. More
recent research and developments using very high permeability and mechanically stronger
materials for core extended such performance up to 2000 A.
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Povzetek

Z vse bolj razširjeno uporabo naprav in procesov na električni pogon v našem vsakdanjem
življenju je potreba po natančnem merjenju električnih tokov v razponu 15 dekad od nA do
deset ali več sto kA neizogibna tako za obračunavanje in optimalnejšo distribucijo energije
kot tudi za delovanje in avtomatizacijo električnih naprav.

Povečanje potreb po meritvah je še posebej izrazito pri enosmernih (DC) sistemih za-
radi množičnega uvajanja obnovljivih virov energije, kot so vetrne in sončne elektrarne in
omrežni shranjevalniki energije, ter zaradi prehoda avtomobilske industrije na električno
mobilnost. Nekateri od teh sistemov potrebujejo visoko napetostno izolacijo in vrhnje to-
kove, ki presegajo kA. Obstoječe standardne, kompaktne in cenejše rešitve za merjenje
enosmernih tokov skoraj nikoli ne dosegajo standardne merilne negotovosti pod 1%, pred-
vsem zaradi napak odmika in histerez; njihova pasovna širina je običajno v razponu do 250
kHz, polega tega pa imajo takšni merilniki tudi težave s šumom.

Glavni cilj te doktorske disertacije je bil torej zasnovati in karakterizirati novo metodo
za merjenje enosmernih in izmeničnih tokov v širokem frekvenčnem območju. Poseben
poudarek je bil na doseganju ključnih parametrov delovanja, kot so visoka natančnost,
preciznost, občutljivost, velika pasovna širina, nizka stopnja šuma in majhna tempera-
turna odvisnost, in sicer s preprostejšo konstrukcijo v primerjavi s trenutno najboljšimi
izvedbami. V ta namen smo se osredotočili na uporabo enega samega magnetnega jedra
brez zračne reže, z nizko porabo energije in majhnimi končnimi dimenzijami, ki je primeren
tudi za omrežne naprave, ki tvorijo internet stvari.

V okviru doktorske disertacije smo najprej opravili pregled splošno uporabljanih metod
in principov merjenja toka s pripadajočimi prednostmi in pomanjkljivostmi. Razvili smo
potrebne modele magnetnih vezij za odprtokodno simulacijsko okolje ngspice, nadgrajeno
z Verilogom in neposredno simulacijo programskih algoritmov, pisanih v programskem je-
ziku C. Na osnovi tega znanja in izpopolnjenih razvojnih orodij smo najprej zasnovali,
simulirali in potrdili nov osnovni element za magnetna vezja s tokovno nadzorovano spre-
menljivo reluktanco CCVR (ang. current controlled variable reluctance), ki se uporablja
za spreminjanje amplitude ali smeri magnetnega fluksa in tako omogoča njegovo merjenje.
Ta element, sestavljen iz jedra brez zračne reže in posebnega navitja, v kombinaciji s kr-
milnim elektronskim vezjem, tvori Platišev senzor magnetnega pretoka (ang. Platiše Flux
Sensor). Nov tip navitij in kompaktna izvedba zagotavljata majhne napake odmika in
histerezo, pasovno širino v razponu MHz, nizko porabo energije in nizkošumno delovanje.

Predlagani Platišev senzor magnetnega pretoka smo integrirali v funkcionalni prototip,
ki deluje po principu zaprto-zančne ničelne metode merjenja enosmernih tokov. Ta prototip
smo nato temeljito preizkusili, potrdili in okarakterizirali v referenčni merilni postavitvi.
Pokazali smo, da je nizkotokovni pretvornik z nazivnim dosegom 40 A izdelan na podlagi
nove metode v splošnem izkazal boljše delovanje v primerjavi s primerljivimi napravami,
ki temeljijo na alternativnih tehnologijah. Takšno delovanje smo z nadaljnjimi raziskavami
in razvojem z uporabo visoko permeabilnih in mehansko trdnejših materialov razširili tudi
na visoko zmogljive pretvornike z nazivnim dosegom do 2000 A.
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Chapter 1

Introduction

Electric current transfers energy, creates magnetic fields, and when alternating it generates
electromagnetic waves, which is the basis for radio communication systems. It is repre-
sented by a stream of charged particles Q, measured as a flow of electric charge through a
surface dQ/dt, denoted by ampere [A]. The ampere is one of the seven base quantities in
the International System of Units (SI) and as such the current measurement represents one
of the most elementary and important measurements in the field of electrical engineering.

Electric current can either flow in one direction only and was originally referred to
as Direct Current (DC) or the direction can change periodically, which led to this type
being referred to as Alternating Current (AC), as known from the poly-phase 50/60 Hz
power grid systems. However, the term DC is nowadays used in electrical engineering
and in this thesis to represent a constant current, the constant part or the zero frequency
component of the frequency spectrum A0, compared to the original term, which signified
one-way direction flow. According to the original meaning, one-way flow i.e., Direct Cur-
rent, may of course vary over time, however, because the operational changes of devices
supplied by DC currents create step responses and switching supplies and because motor
controllers contain large amounts of switching frequency harmonics that should be filtered
out. Therefore it is commonly referred as DC/AC to explicitly emphasize the existence of
other frequency components besides the DC – the constant current. The range of the AC
frequency components are expressed by the AC bandwidth.

In the early days of electric power transmission, no active power components existed
yet, so AC current offered the only feasible way of transferring energy over long distances
by transforming voltages via passive transformers to the AC loads, making it the worldwide
standard. Due to the unprecedented progress in semiconductors, electronics, and micro-
computers over recent decades, most of the lower power range of modern appliances are
more or less supplied by DC currents via AC/DC switching power supplies from power
grids. These degrade the power quality [1] of the transmission and distribution of existing
power grids with an unwanted DC component and higher frequency components, which
need to be monitored, as they reduce the overall power transmission efficiency, as well as
the measurement (metering) accuracy [2].

The currents in our living environments typically range from nanoamperes (nA) in
various sensors and wearable devices powered directly by batteries, solar-powered, thermo-
electric generators (TEG), and other energy harvesting sources, and scale to tens of kilo-
amperes (kA) in widely deployed railway1 systems, high-voltage direct-current2 (HVDC)
transmission systems, medical equipment, such as magnetic resonance imaging, research

1http://www.wesemann.eu/documenten/nl/Catalogus%20Railway%20Current%20&%20Voltage%
20Transducers.pdf

2https://en.wikipedia.org/wiki/List_of_HVDC_projects

http://www.wesemann.eu/documenten/nl/Catalogus%20Railway%20Current%20&%20Voltage%20Transducers.pdf
http://www.wesemann.eu/documenten/nl/Catalogus%20Railway%20Current%20&%20Voltage%20Transducers.pdf
https://en.wikipedia.org/wiki/List_of_HVDC_projects
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infrastructure, including particle accelerators (cyclotrons), synchrotrons, and fusion reac-
tors3, and up to the hundreds of kA needed for instance for the production of aluminium.

The principles of current measurement may be primarily divided into electrically non-
isolated and isolated. Electrically isolated current sensors are used from the miliampere
(mA) range up to and over kA, while non-isolated sensors are typically deployed in low-
voltage and lower current systems rated from femtoamperes (fA) up to several hundreds of
amperes of continuous measurement. Different techniques are used for non-isolated sensors
to make them suitable for higher voltage measurements.

With respect to the current measurement, this thesis is focused on a new patented
invention of an accurate and precise Direct-Current (DC) wide bandwidth (AC) method
for isolated current sensing that can be readily used for mass deployments in various ap-
plication areas, specifically for networked devices, such as the Internet of Things (IoT),
renewable energy sources, and smart grids as well as in electric vehicles, industrial deploy-
ments, and research infrastructures.

1.1 Motivation and Hypotheses

The demand for accurate DC/AC sensing and metering is constantly growing, particularly
in the new application domains of electrical vehicles and renewable energies. However,
the market demands a lower-cost and more power-efficient technology that can bring the
accuracy and performance currently known only to higher-end equipment to the more
affordable lower-cost consumer market, ready for mass deployments, especially in the fol-
lowing emerging areas:

• the automotive industry in hybrid and pure electric vehicles [3], [4];

• smart grids with distributed renewable energy sources and new types of loads requir-
ing precise power quality and consumption monitoring [5], [6];

• efficient DC micro-grids of renewable energy sources [7], [8] with predominantly DC
elements and loads [9];

• direct 400V DC energy for more efficient data centers4 [10];

• peer-to-peer energy distribution, for which the legislation and funding activities have
already begun [11] within the Clean energy for all Europeans package5 for Energy
Communities6, potentially supported with blockchain-based smart contracts7;

• the increasingly ubiquitous IoT devices [12] in industrial and residential environ-
ments with DC current sensing being one of the basic principles for monitoring and
controlling a variety of phenomena.

With such a diverse set of potential application areas, current sensors need to meet a
number of different operational requirements, all of which formed the motivation for the
development of a new accurate and precise DC current transducer method and device for
isolated current sensing. The vast majority of affordable DC sensors for mass industrial
and consumer use reach a total gain accuracy in the range from 0.5% to 2% and an offset

3https://www.iter.org/newsline/-/2978
4https://blogs.intel.com/wp-content/mt-content/com/research/Direct%20400Vdc%

202009-04-27.pdf
5https://ec.europa.eu/energy/topics/energy-strategy/clean-energy-all-europeans_en
6https://ec.europa.eu/energy/topics/markets-and-consumers/energy-communities_en
7https://www.weforum.org/agenda/2021/06/blockchain-can-help-us-beat-climate-change-heres-how

https://www.iter.org/newsline/-/2978
https://blogs.intel.com/wp-content/mt-content/com/research/Direct%20400Vdc%202009-04-27.pdf
https://blogs.intel.com/wp-content/mt-content/com/research/Direct%20400Vdc%202009-04-27.pdf
https://ec.europa.eu/energy/topics/energy-strategy/clean-energy-all-europeans_en
https://ec.europa.eu/energy/topics/markets-and-consumers/energy-communities_en
https://www.weforum.org/agenda/2021/06/blockchain-can-help-us-beat-climate-change-heres-how
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accuracy from 0.1% to 1% of the full-scale measurement range. This is just barely enough
for DC metering in household use.

There are numerous activities and projects in progress [13], [14] that deal with next
generation smart grids, micro-grids, energy storage, and initiatives for conscious consump-
tion. One of the key future demands is to enable local peer-to-peer energy exchange and
trading to shorten the distance from the local generation to the nearest consumer in order
to offload the distribution grids and improve the efficiency of the energy transfer. Emerg-
ing technologies, such as blockchain smart contracts, are considered to reward users for
being environmentally aware, and novel, more accurate and reliable sensors are needed
to support the concept. Namely, AC transmission may contain DC leakages, which are
detectable, while a future micro peer-to-peer grid may return to medium voltage (kV) DC
transmission as used in solar panels, thus improving the overall efficiency of the system for
which accurate and precise DC/AC metering sensors are crucial.

In terms of battery management systems (BMS), accurate metering [15], [16] offers
a more precise charge estimation integrated over a longer period of time and consisting
of multiple charging and discharging cycles. The higher accuracy improves measurement
uncertainty and thus reduces accumulated errors, especially in applications, such as electric
vehicles with a designed peak (accelerating) power that is about 5 to 10 times higher
compared to steady/continuous power during a normal drive.

High-current sensors are typically surrounded with the heat dissipated mostly from
primary current conductors, surrounding electronics, and also from the current sensors
themselves (especially from high-current shunts). Temperature rises of several tens of
centigrade are normal, therefore the temperature drift of a sensor should be as low as
possible.

Wide-bandwidth current measurements are needed due to the higher switching frequen-
cies of contemporary inverters and DC/DC converters. Short reaction times are needed
for safety reasons, as well as fast (emerging) pyro-DC fuses that protect the high-power
high-voltage DC equipment from short-circuit hazards. Wide bandwidth implicitly calls
for low-noise measurements to maximize the signal-to-noise ratio (SNR) over the entire
bandwidth. Wide bandwidth and low-noise sensors also offer precise and fast sensorless
servo-motor control.

The most accurate isolated high-current DC sensors available on the market today
are based on a so-called closed-loop (null-method) flux-gate principle. There are single
(magnetic) core implementations, which are bandwidth-limited, a bit noisy, and less accu-
rate, and there are dual and tri-core implementations, which preserve the superb magnetic
characteristics of a magnetic core by not introducing any air gap; however, due to their
multi-core implementation, they are significantly more complex, costly, bulky, and con-
sumptive.

The main challenge of this thesis was thus to design and characterize a new method and
device for sensing direct and alternating electric currents with performances comparable
to the currently known state-of-the-art closed-loop dual and tri-core flux-gate implemen-
tations. The key parameters include high accuracy, precision, sensitivity, wide bandwidth,
and low temperature drift dependency; however, our aim was a simpler construction re-
duced to a single gapless core, lower power consumption, and reduced form factor. The
new method also needed to be less noisy, as this is a prerequisite for a wide-bandwidth
operation. The main hypotheses investigated in this doctoral dissertation were as follows:

H1 Based on a novel winding, it is possible to design a new kind of magnetic flux sensing
principle that is integrated into a gapless magnetic circuit with the aim to preserve
the original properties of a magnetic material.
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H2 It is furthermore possible to develop a new zero-flux current sensing method, such
that the resulting device for the isolated measurement of direct and alternating elec-
tric currents exhibits superior sensitivity and accuracy and low noise in the wide
bandwidth and large measurement ranges.

1.2 Methodology

The proposed research started with a thorough analysis of related research work and prac-
tical solutions. This analytical work was followed by a theoretical design of windings that
created a novel magnetic flux sensor for a DC/AC wide-bandwidth current measurement
principle.

The theoretical work was based on the non-linear simplified properties of magnetic
materials and non-homogeneous magnetic fields, a combination of modeling, computer
simulations, and verification within the ngspice and FEMM simulation environments. In
the first step, a proof-of-concept simulation was carried out, followed in the next step by the
development of an open source ngspice simulation environment able to integrate a mixed
signal domain simulation by including Verilog and C/C++ code as part of a complete
system simulation.

The verified principle of operation was then implemented in a functional prototype
device comprised of a ferrite core material and low-cost programmable logic with a micro-
controller. The experimental evaluation included test benches for core and magnetic flux
sensor verification as well as higher DC/AC current measurement verification. To ease the
testing of the prototype device, we also developed a dedicated software test framework
that interacts with the micro-controllers firmware in real-time.

1.3 Contributions

The key original contribution of this dissertation is the new patented [17] method for
magnetic flux measurements inside a closed gapless core, named the Platiše Flux Sensor
(PFS) after the inventor. The PFS was achieved with a novel concept of windings on a
magnetic core, introducing a current-controlled variable reluctance (CCVR) functionality.
CCVR acts as an active element (i.e., a transistor) inside the magnetic material capable of
altering the paths of a magnetic flux. With the novel sensing winding, the flux changes can
be captured, which can extract, along with the PFS modulation/demodulation scheme, the
DC and AC amplitudes of the flux inside a magnetic core.

Using the PFS and the closed-loop (null) method, the device for the isolated measure-
ment of electric currents has been demonstrated to perform with high sensitivity, accuracy,
low noise, and wide bandwidth operation. It is targeted for use in emerging applications,
such as renewable energy sources, electric vehicles, and Internet of Things (IoT) networked
devices. The performance evaluation has shown that the new method delivers a single core
solution, which outperforms the performances of single core flux-gate solutions and is com-
parable to the highest performance dual- and tri-core complex solutions, while overcoming
some of their drawbacks.

In this dissertation, we achieved four main and two additional original scientific con-
tributions. The main scientific contributions are:

C1 The theoretical design of a novel winding that forms current-controlled variable reluc-
tance (CCVR) in a magnetic circuit.

C2 A novel zero-flux current sensing method based on CCVR.
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C3 The practical design and implementation of a current sensing device for the isolated
measurement of currents suitable for emerging IoT applications.

C4 A detailed performance analysis, characterization, and validation of the new method
and device for the isolated measurement of electric currents in a representative testing
environment.

Additional contributions important for the research field include:

C5 A comprehensive model of magnetic circuits and supporting electronics for simulation
and validation in the ngspice simulation environment.

C6 A new open-source mixed signal domain simulation environment including Verilog and
C/C++ code.

1.4 Organization of the Dissertation

This dissertation is logically structured into six main chapters. Following the Introduction,
Chapter 2 provides a brief overview of some of the most popular current sensing methods
and their main drawbacks, which motivated the research work presented in this thesis.

Chapter 3 describes the simulation and verification environment purposely developed
by introducing a new xspice code model for a fast, simplified, non-linear ferrite core model
and a new xspice code model for the simple integration of the actual firmware code for
system simulation within the ngspice.

Chapter 4 introduces the basic concept and principle of operation of the key contribu-
tion, the Platiše Flux Sensor. This is followed by a description of a complete closed-loop
(null method) zero-flux Direct Current-Current Transducer (DC-CT) in Chapter 5, as well
as the details on its validation, testing, and performance evaluation of the new Platiše Flux
Sensor in comparison with other technologies.

Finally, the Conclusions and the outlook of the thesis are drawn in Chapter 6.
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Chapter 2

Overview of Current Measurements

Electric current is measured in amperes, named after French mathematician and physicist
André-Marie Ampère, who was inspired by the magnetism discovered by Danish physicist
Hans Christian Ørsted in 1820. Ørsted discovered that a current in a wire produces a
magnetic field. Ampère further determined that if two wires are placed parallel to each
other and a current is passed through them, the wires will either be attracted to or repelled
by each other, depending on whether the currents flow in the same or opposite directions.

Until 2019, the SI definition followed this arrangement. If an experiment were to be
set up under ideal conditions with two infinitely long straight wires exactly 1 meter apart,
a current of 1 ampere would result in a force between the wires of 2 ·10−7 newtons (N) per
meter of length. On the 20th May 2019, the 144th anniversary of the Metre Convention,
four of the seven SI base units – the kilogram, ampere, kelvin, and mole – were redefined by
setting exact numerical values when expressed in SI units for the Planck constant (h), the
elementary electric charge (e), the Boltzmann constant (kB), and the Avogadro constant
(NA), respectively. Hence, the ampere has been redefined by taking the fixed numerical
value of the elementary charge e to be 1.602176634 · 10−19 when expressed in coulombs
(A·s), where one coulomb is equal to about 6.241 · 1018 electric charges (e). The ampere
is thereby a measure of the amount of electric charge in motion per unit time, i.e., one
ampere denotes the electric current in which one coulomb of charge travels across a given
point in 1 second.

The first measuring devices for electrical current were galvanometers, which were
based on the principle introduced by Ampère and developed by French physicist-physician
Jacques-Arsène d’Arsonval in 1882. These devices consisted of a coil wrapped around an
iron core, mounted between the poles of a permanent magnet. The current under measure-
ment passed through the coil, creating a magnetic field opposing the magnetic field of the
permanent magnet. The coil with the iron turned proportionally to the magnetic strength
generated from the coil, which was further proportional to the DC current passing through
the coil.

In 1827, German Georg Simon Ohm discovered the relationship between voltage and
current in a conductor; paired with the Wheatstone bridge and numerous improvements,
galvanometers were able to measure voltages and resistances accurately by 1888. The
galvanometer had a typical range up to 100 µA for a full scale. A resistor, nowadays
called a shunt (a low ohmic resistor used to measure current), was used to bypass the
majority of the current to extend the range. The technology evolved over time, but shunts
continue to be the most commonly used elements for measuring electric currents. Shunts
are electrically coupled with the primary current, therefore such measurements are referred
to as electrically non-isolated measurements.

An early AC transformer was built by English-Italian Sebastian Ziani de Ferranti
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around 1880–1882, and a closed-core design was suggested by Hungarian Ottó Bláthy,
inventor of the induction electricity meter and co-inventor of the transformer who, along
with Károly Zipernowsky and Miksa Déri, demonstrated the first such transformer in 1884.
The first metal rectifiers (copper oxide or selenium oxide) enabled the measurement of the
AC voltages and currents. The use of current transformers and a shunt (also called a
burden resistor) on the secondary side also enabled higher currents to be measured.

Around 1912, German physicist Walter Rogowski proposed a so-called air-coil suitable
only for measurements of AC currents. The current transformer and the special design
of the air-coil by Rogowski indirectly measure currents through induction, therefore they
represent an electrically isolated measurement. Nevertheless, they can only measure AC
currents.

As early as in 1879, Edwin Hall discovered that when a conductor with a current
flowing in one direction was introduced perpendicular to a magnetic field, a voltage could
be measured perpendicular to the current path, which represents the basic principle of
Hall sensors. The first useful Hall sensors of magnetic fields were introduced after the
development of indium arsenide semiconductor technology in 1950, and larger deployments
of such sensors started in the 1960s.

In 1856, William Thomson (aka Lord Kelvin) discovered the anisotropic magneto-
resistance (AMR) effect. By using pieces of iron, he discovered that resistance increases
when the current is in the same direction as the magnetic force and decreases when the
current is at 90◦ to the magnetic force. Much later, only in 2007, Albert Fert and Peter
Grünberg discovered the giant magnetoresistance principle, which offered an alternative
technology to Hall sensors. With this principle, the current is measured indirectly via the
induction of a magnetic field, meaning that such measurements are also electrically isolated
and can be used to measure DC and AC currents.

In 1936, the fluxgate magnetometer was invented by Hans Aschenbrenner and Georg
Goubau. It initially served as a detection device for submarines, however the principle
of operation was adopted by so-called fluxgate transducers. The measurement method
relies on the non-linear saturating characteristics of ferromagnetic materials. Like AC
transformers, they use the core and are isolated from the primary current. With the help
of electronics circuitry, fluxgate sensors are able to measure DC and AC in wide bandwidth.
High-end implementations of fluxgate sensors represent the most accurate DC/AC current
measurement devices on the market today.

Recent research and developments for very high voltage and very high DC/AC currents
include fiber optic current sensors (FOCS), which utilize the magneto-optic, i.e., Faraday
effect of the fiber. A polarized light is transmitted to a fiber and, with the presence of a
magnetic field, this changes its polarization angle.

In addition to these key principles of current measurement, the MOSFET semiconduc-
tors technology is also worth mentioning, which offers the electrically non-isolated mea-
surement of currents directly on transistors themselves using a method called a ratio-metric
measurement. Higher power MOSFETs are composed of a number of parallel transistor
cells. A parallel transistor cell called a sense transistor is used to mirror and scale-down
the current, which is nearly proportional to the main current flow through the rest of the
transistor cells. The mirrored and reduced current is then easily measurable. An alterna-
tive is to measure a voltage drop on the drain-source resistance (RDS), however, due to
the very large temperature dependency of the RDS , such measurements are only useful for
the detection of over-currents.

The current sensing principles briefly described above may be grouped into non-isolated
and isolated methods, and also according to DC/AC capabilities as follows:

• Non-isolated DC/AC:
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– Shunt, and

– MOSFET.

• Isolated AC only:

– Current Transformer, and

– Rogowski coil.

• Isolated DC/AC:

– Hall,

– Magneto-Resistance (AMR),

– Fluxgate, and

– Fiber Optic Current Sensors (FOCS).

The basic concepts for each of the above listed methods are described in more detail in the
following subchapters.

2.1 Shunt

Initially, shunts were used to expand the range of an ampere meter placed in parallel with a
coil with a typical full-scale current of about 100 µA. The term shunt stands for diverting
or bypassing a current away from the primary circuit. Nowadays, with the electronic,
voltage-sensed, current sensors, shunts are placed in series.

A shunt is in general a low-ohmic resistor with low temperature drifts that is also
capable of withstanding higher stresses without being damaged. It can be described as:

V (i, T ) = i ·R25

(
1 +

∑
TCi∆T

i + ∆(i, V,RH, t, g)
)

+ L
di

dt
+ VEMF∆T (2.1)

A voltage drop as per Eq. (2.1) on a shunt with a nominal resistance R25, which is
typically given at a nominal ambient temperature of around 25 ◦C, is affected mainly by
the self-heating effects. Even though the resistance of a shunt is typically very low, the
total losses can easily exceed over 50 W of power dissipation. The temperature stability
is denoted by the TCi vs. the temperature changes ∆T . The long-term stability of the
resistance is also affected by various stresses, such as (peak) currents i, voltage V , humidity
RH, aging t, and mechanical stresses g. Then, there is the undesired noticeable inductance
L, which may at very low resistances R25 limit the bandwidth to as low as 10 kHz (R/L).
The last, often neglected, but very important part is the thermal electromotive force (EMF)
VEMF reflected as an offset error.

Higher current resistors are typically in the range of around 50 µΩ1, with the resis-
tance translating to 50 µV per one ampere. Such accurate and stable resistors with a low
temperature drift are costly and they require space for cooling. Measuring low voltage
drops requires amplification, provided by difference operational-amplifiers or instrumen-
tation amplifiers, which add to (worsen) the total offset, noise, and gain accuracy of the
overall measurement. In addition, very low voltages are more susceptible to external elec-
tromagnetic interference. The R/L constant together with the amplifiers also determines
the overall AC bandwidth.

Shunt measurements are not electrically isolated and require additional electronics com-
ponents to implement a transformer or opto-isolation, making the overall system solution

1http://www.ohm-labs.com/precision-shunts/high-current-shunt.html

http://www.ohm-labs.com/precision-shunts/high-current-shunt.html
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more complex, bigger, and thus less suitable for higher voltages and powers, especially in
in the fields of power generation and distribution grid applications and e-mobility. There-
fore, shunts are preferably used as burden resistors [18] on the secondary, mirrored side of
some other (isolated) principle that is capable of scaling down the higher primary current
to a secondary low-current side. Shunts are used in such a manner in all of the methods
described in the following subchapters.

2.2 MOSFET Ratio-Metric

A MOSFET consists of numerous (thousands) matched parallel transistor cells [19], [20]
that reduce the common drain-source resistance, RDS . Several cells out of many are
connected to a separate measurement source called a sense or a mirror (pin). When the
MOSFET is turned on, the current through the MOSFET splits inversely with respect to
the two resistances in ratio-proportional way. Schematically, this looks like two parallel
MOSFETs with a common gate and drain connections as shown in Figure 2.1.

The ratio of the source current to the load current is specified by the Current Mirror
Ratio n:

Imirror = Iload/n (2.2)

and is typically around 1:1000, under the condition that both the source and the mirror
are held at the same potential. The current is effectively distributed according to the
resistances of the mirror source RM and RSENSE , the main current source RS , and a bulk
drain resistance common to the entire device denoted as RD.

If the mirror pin is disconnected (RSENSE → ∞), the maximum output voltage that
can appear at the mirror terminal is:

Vmirror = VDS
RS

RS +RD
= KMC (2.3)

Eq. (2.3) defines a so-called mirror compliance ratio KMC , which is used to calculate
RD = RDS −RS . RM is obtained by multiplying the RS by the mirror ratio n. Knowing
all these internal resistances and the external RSENSE , the currents can be calculated
using the usual resistor divider equations and the total VDS drop caused by the current
Iload.

When a resistor is placed between the mirror pin and the main source pin RSENSE ,
then all of the primary load current Iload that flows through the drain effectively returns to
the same source. In this way, the current measurement through the mirror pin introduces
virtually no measurement losses. If low value resistances are used, the Current Mirror
Ratio is more or less unaffected, however introducing a current sense resistor with a larger
resistance effectively changes the total mirror resistance and thus alters the Current Mirror
Ratio of Eq. (2.2).

The typical accuracy of the MOSFET ratio-metric method is around 5% and the mir-
roring current exhibits the same (very fast) response times as the main source, making this
method suitable for per cycle current monitoring, limiting, and short circuit protection in
switching applications.

This method is not meant for sensing any other primary currents than that of the
switching devices themselves, however since current transducers are used to sense the
(high) currents of such switching devices, this method provides the lowest cost and the
lowest power replacement for applications in which higher accuracy is not needed.
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Figure 2.1: Ratio-metric MOSFET equivalent model.
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2.3 Current Transformer

Current Transformers (CT) [21] are instruments similar to AC transformers of typically
one primary turn and N secondary turns wound on a ferromagnetic core. Based on the
induction principle, the primary current induces voltage in the secondary winding, termi-
nated by a burden resistor RB. The secondary winding therefore forms a closed circuit
with a secondary current scaled down for a factor 1/N of the primary current.

A simplified equivalent model of a transformer referred to the secondary winding is
shown in Figure 2.2, where Ip is the primary current, the Is secondary current equal to
Ip/N , Z ′m is the reflected core impedance, Zs is the secondary core impedance, and RB is
the burden resistor.

The accuracy of CTs is affected by the magnetizing current, resulting in a secondary
winding amplitude drop (i.e., error) as well as phase errors. The frequency response is
further affected by leakage inductance Zs, burden resistance RB, and the core Z ′m, which
together narrow the bandwidth of the transformer [22], [23]. At larger amplitudes, the
transformer core, i.e. the ferromagnetic material approaches saturation limits which, be-
sides the winding resistance, limits the maximum range of a current transformer.

To increase the range, improve accuracy, and extend the frequency response down
to several tens of Hz, the winding resistance and burden resistor RB should be as low
ohmic as possible. A possible improvement for a current transformer with lower secondary
currents is to use an operational amplifier (OPAMP) as a trans-impedance amplifier. Such
an arrangement, also called a quasi zero-flux transformer, effectively reduces the burden
resistance RB down to zero, as shown in Figure 2.3.

The output voltage is proportional to the current, amplified by the feedback resistor
RF as per:

UIp = RF Ip/N (2.4)

Besides the listed advantages, this circuit also yields higher measurement sensitivity.
Back in the 1960s, H.G. Hereward already proposed another approach of an active

flux compensation technique to further reduce the flux in the core down to zero. As
shown in Figure 2.4, the concept proposed an additional compensation winding driven
by the amplifier with an amplitude proportional to the sensed current, i.e. operating as
a P-regulator. Under balanced conditions, the current in the compensation winding is a
perfect mirror of the primary current, reducing the magnetizing current down to zero. This
principle is also called the zero-flux principle and represents the basic concept of modern
closed-loop DC-CTs.

The magnetizing current represents the largest contributor to the errors, however, the
flatness of the frequency response is also affected by the stray capacitance of the com-
pensation winding, which may also be compensated with an active circuitry [24]. Current
transformers may therefore be used to measure kA and over hundreds of MHz2.

2https://www.magnelab.com/products/ac-current-transformer-broad-frequency-response-hfct/
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Figure 2.2: Simplified model of a current transformer.

https://www.magnelab.com/products/ac-current-transformer-broad-frequency-response-hfct/
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Figure 2.3: Improved frequency response and accuracy with quasi zero-ohm RB.
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Figure 2.4: Hereward active zero-flux transformer.

2.4 Rogowski Coil

A Rogowski coil [25] as shown in Figure 2.5, named after Walter Rogowski, is an air coil
suitable for measuring very wide bandwidth AC currents, from a hertz (Hz) to over 20 MHz.
Originally made as helical and toroid coils, they are wrapped around the primary conductor
whose current is to be measured. The most recent implementations include PCB planar
coils used for measuring high-speed transients in switching applications directly around
Insulated Gate Bipolar Transistors (IGBT) and Silicon Carbide (SiC) MOSFETs [26].

Rogowski coils are implemented as flexible or rigid coils and have numerous advantages
over the CT in the AC domain. Without the need for a ferromagnetic core, they feature
zero-hysteresis, no saturation, no "core" losses, and are safer to use in high-voltage high
current systems, as the air coil does not accumulate energy that would be discharged with a
sudden disconnection. Therefore, they represent very linear measurement devices capable
of measuring currents up to and over 100 kA at an achievable uncalibrated accuracy of
around below 0.5%3, while the typical calibrated accuracy class is between 0.1% and 0.5%.
High performance coils can even meet the accuracy class 0.1% suitable for metering and
protective relaying in power grid systems.

The principle of operation relies on Faraday’s induction law, according to which the
total electromagnetic force (EMF) that is induced in a closed circuit is proportional to the
change of the total magnetic flux in time:

v(t) = −ANµ0
l

dI(t)

dt
(2.5)

where A is the area of one turn of the Rogowski coil, N is the number of turns of the
Rogowski coil, l is the length of the winding (ring), and dI(t)

dt is the current change in time.
The current is obtained by integrating the output of the coil with a lossy integrator.

DC currents can be measured by physically moving the Rogowski coil over a constant
magnetic (DC current) field. In the scope of this thesis, the Rogowski coil is not a direct
competitor to the newly presented principle of operation, but due to our interest in high
bandwidth DC-CT, it is suitable for the bandwidth verification of very high currents.

3https://www.ti.com/lit/ug/tidubv4a/tidubv4a.pdf

https://www.ti.com/lit/ug/tidubv4a/tidubv4a.pdf
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Figure 2.5: Rogowski coil.

2.5 Hall Sensor

The Hall effect sensor [27] is based on a principle of deflecting the charge carriers in a strip
under the presence of a magnetic field, caused by the primary current to be measured,
which is perpendicular to the direction of the charge carriers – bias electric current of the
sensor. The more electron mobility a material has, the higher the sensitivity. Examples of
such a suitable material are gallium arsenide (GaAs), indium antimonide (InSb), indium
arsenide (InAs), and the latest material of interest, graphene.

The deflected carriers produce a voltage difference measured between the two sides of a
strip. The voltage difference is proportional to the cross product of current I and magnetic
field strength B, as shown in Figure 2.6, and largely influenced by the temperature:

V (I,B, T ) = S(I,B) ·B + β∆T ± Voff (2.6)

The sensitivity S(I,B) of the sensors (without a pre-amplifier) varies from a few mV to
100 mV per one tesla and is linear in the limited range of a magnetic field B. The higher
the sensitivity, the higher the temperature instability β, which typically ranges from 50
ppm/K to 1000 ppm/K4, and equivalently the offset voltage Voff in the range from 1 to

4https://www.lakeshore.com/products/categories/magnetic-products/hall-(magnetic)-sensors
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Figure 2.6: Principle of a Hall sensor.

https://www.lakeshore.com/products/categories/magnetic-products/hall-(magnetic)-sensors
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primary conductor

Hall Sensor

magnetic core

Figure 2.7: Open-loop Hall sensor with a soft magnetic core and a primary conductor of a
single turn.

10 mT. The typical bandwidth of Hall sensors is between 10 and 100 kHz.

2.5.1 DC/AC Current Measurement Applications

In DC/AC current measurement applications, Hall sensors are typically used in two ar-
rangements:

1. Open-air, in which a current passes by one Hall sensor or two Hall sensors operating
in differential mode [28]. This method is typically used for higher currents above
100 A.

2. Using a soft magnetic material with an air-gap into which a Hall sensor is placed.
This method is suitable in a wider range of applications from several A up to kA and
offers higher sensitivity due to the gain of the magnetic circuitry [29].

The first method is largely used in bus sensing and inverter switching applications,
whenever there is a need for a compact and low-power solution. To improve the accu-
racy of the Hall output voltage V (I,B, T ), modern integrated sensors feature temperature
compensation, which is the primary source of error. Using two sensors in differential man-
ner greatly improves rejection to external (disturbances) magnetic fields. Such systems
typically reach an accuracy of about ±2.5%.

The performance of Hall sensors is further greatly improved by using soft-magnetic
cores, which work as magnetic amplifiers, with an air-gap into which a Hall sensor is
placed, as shown in Figure 2.7. The magnetic amplification and correlating sensitivity
largely depend on the air-gap length. The final soft-core permeability resulting in a so-
called effective permeability µe is:

µe =
µr

1 + µr · lg/le
(2.7)

A typical sensor with an air-gap of lg = 1 mm, sufficiently large to insert a Hall sensor, an
effective length of le = 1 dm, and a relative permeability of µr = 5000 yields an effective
relative permeability (amplification) of around 98. The air-gap is relatively large, which
means a significantly increased magnetic core permeability, i.e., to µr = 50 k, increases
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Figure 2.8: Closed loop Hall-based current sensor.

the relative effective permeability µe by a negligible amount, only to about 100. Since
soft-magnetic materials themselves add an additional offset and hysteresis errors, besides
the mentioned contribution from Hall sensors, the preferred way to increase sensitivity and
consequently reduce the magnetic offsets and hysteresis anomalies of the soft-core material
is therefore to reduce the air-gap length lg to the minimum possible. The other option is
to increase the number of primary turns Np.

To compensate for the large temperature dependency, the non-linearity of the Hall
sensor and the soft magnetic cores, and to further extend the measurement range of such
a current transducer, the Hall sensor can be placed in a closed-loop configuration. This
principle was already introduced by H.G. Hereward (see Chapter 2.3) and is shown in
Figure 2.8. In such a zero-flux configuration, a Hall sensor serves as a flux null detector,
driving a feedback OPAMP (operating as PI regulator). The feedback OPAMP drives
back the secondary winding of Ns turns with the current equal to −Ip NpNs , whose current
is sensed on a burden resistor RB. The non-linearities are mostly compensated and the
main sources of errors that remain are:

• the offset of the Hall sensor,

• the offset of the magnetic circuit with hysteresis,

• conductor position error, and

• non-linearity arising from the non-homogeneous magnetic field distribution and non-
homogeneous materials in the system.

The total accuracy of such a sensor is about 1% within the industrial temperature range
[30] with the magnetic material continuing to be the main contributor to the total error,
however, this is mostly due to the reduced effective permeability introduced by the air-
gap. The secondary compensation winding notably also provides a direct AC path, thus
extending the AC bandwidth to at least 250 kHz and higher at small signal amplitudes.
A high performance implementation may use an additional winding for the AC path,
separated from the compensation winding, with less turns to reduce the leakage inductance.
A similar concept of combining the best of the Hall and CT is shown in [31].

2.6 Magnetoresistance Sensor

Alongside the Hall effect, the development of magnetic sensors evolved further with Anisotropic
Magnetoresistance (AMR), Giant Magnetoresistance (GMR), and the latest similar tech-
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Table 2.1: Comparison of Magnetoresistance vs. Hall Technologies.

Technology Hall Effect AMR GMR TMR Unit

Power Consumption 5..20 1..10 1..10 0.001 .. 0.01 mA

Die Size 1 x 1 1 x 1 1 x 2 0.5 x 0.5 mm2

Sensitivity ≈ 0.5 ≈ 1 ≈ 3 ≈ 100 mV/V/mT

Noise Level >10 0.1 .. 10 1 .. 10 0.1 .. 10 nT/
√
Hz

Dynamic Range ≈ 1000 ≈ 1 ≈ 10 ≈ 100 mT

Temperature Range <150 <150 <150 <200 ◦C

nology that was initially described by the GMR theory called Magnetic Tunnel Junctions
(MTJ) or Tunnel Magnetoresistance (TMR) structures [32].

Magnetoresistance (MR) sensors are based on resistance changes according to the angle
between the directions of the magnetization of adjacent magnetic layers due to an external
magnetic field. There are two types of material in which a GMR effect can occur: granular
systems and discontinuous multi-layer materials. A multi-layer material consisting of two
layers of an Fe-Co-Ni alloy, such as permalloy, separated by a non-magnetic conductive
layer, changes the angle of parallel magnetization to anti-parallel alignments under the
magnetic field exposure, effectively reducing the free path of electrons between the upper
and lower layer of the magnetic material, which can be observed as a change in resistance
∆R/R. As the change of resistance cannot detect the direction of an external magnetic
field, the output is considered as unipolar. A solution to that is to bias the sensor and
thus to virtually convert it to a bipolar output.

Recent TMR structures are composed of a multi-layer film material and exhibit a
greater change in resistance compared to AMR and GMR. GMR is typically arranged
in a Wheatstone bridge to compensate for the high temperature dependency. Compared
to the Hall sensor, GMRs have a higher sensitivity, a much wider frequency range, a
smaller size, and lower power consumption. The TMR structures, relative to GMR, have
a better temperature stability, an even higher sensitivity, and a wider linear range. In
addition to the fact that GMR production is more costly compared to CMOS integrated
Hall sensors together with OPAMPs, GMR also features non-linearity, a lower range, a
noticeable hysteresis, and unipolar output, which requires biasing to convert the sensor to
a bipolar output. A comparison of different MR technologies is outlined in Table 2.1. Even
though the TMR sensitivity is very high, when used in a closed loop arrangement with a
soft-magnetic core, it still requires an air-gap into which a sensor is placed, thus reducing
the overall performance of the current sensor.

2.7 Fluxgate - Saturating Core

Although initially developed for submarine detection and magnetic compasses, fluxgate
[33] still represents the most widely spread principle for accurate DC/AC current mea-
surements on the market. The concept is based on the non-linear, saturating property of
soft ferromagnetic materials used as a sensor element and the use of zero-flux feedback
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compensation as already introduced by H.G. Hereward (see Chapter 2.3) to compensate
for the non-linearity, the temperature dependency, and to extend the measurement range.
The principle of operation is straight-forward and involves exposing a magnetic material
to some external magnetic field He caused by a primary winding of one turn and a cur-
rent Ip. To reach the saturation point to the maximum Hmax = He + Hxp, an additional
excitation into positive direction is needed Hxp, whereas to reach the minimum saturation
point Hmin = He +Hxn, an additional excitation into negative direction is needed Hxn.

Ip
u(t)

i(t)

Excitation Winding

(a) Fluxgate Core.

(b) Primary Current Ip = 0 A.

(c) Primary Current Ip 6= 0 A.

Figure 2.9: Fluxgate principle: the basic construction, voltage, and current waveforms of
a fluxgate excitation winding.

The principle relies on the fact that magnetic material is symmetric and saturation
points are equal in both directions Hmax = −Hmin, even though the absolute values are
changing with respect to temperature and other variables. Therefore, for positive current
Ip we obtain He > 0, and the field needed to reach the negative saturation point is greater
than to reach the positive saturation point, i.e. Hxn > Hxp.

The principle of operation is shown in Figures 2.9, where Figure 2.9a shows the basic
construction consisting of a primary winding and current Ip representing He, and addi-
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Figure 2.10: CERN: block diagram of zero-flux DCCT. T1 as AC transformer, T2 as zero-
flux sensor, prim. as primary current to be measured, and voltage output.
c©1977 IEEE. Reprinted with permission from [34].

tional excitation winding with voltage and currents v(t), i(t) representing Hxp and Hxn.
Waveforms, for a square wave voltage stimulus v(t) of a balanced system when Ip = 0 A
and under some current Ip 6= 0 A, are shown in Figures 2.9b and 2.9c respectively, where
the shape of the current i(t) is distorted with the presence of the primary current Ip.

The zero-flux compensation principle adds another compensation winding of Ncomp

turns, with a compensation current Icomp, which adds a generated compensation fieldHcomp

to the external field He, i.e. He +Hcomp. The system is in balance when He +Hcomp = 0,
meaning that the zero-flux compensation current Icomp is a perfect mirror of a primary
current Icomp = 1

Ncomp
Ip. Under these balanced condition, the hysteresis of the magnetic

material in the positive and negative directions is equal and is thus fully cancelled.
One of the first gapless and wide-bandwidth zero-flux solutions based on this principle

with a block diagram as shown in Figure 2.10 was introduced at CERN in 1976 [34]. There,
the first transformer T1 serves as an AC path, while T2 operates as a zero-flux sensor. The
operation is the same as explained at Figures 2.9. The excitation generator is constantly
sweeping the current across the entire range from the minimum to the maximum saturation
point, thus canceling out the magnetic offsets. If the flux is non-zero, the excitation current
becomes asymmetrical, which is observable as the second harmonic distortion, a phase
representing the sign and magnitude of the distance from zero balance. It is filtered out
and demodulated to drive the compensation power amplifier to compensate the DC offsets.
The small signal bandwidth obtained with this solution was 10 kHz, a gain accuracy of
100 ppm, a linearity of 5 ppm, an offset error of only 10 ppm, and temperature drifts of 1
ppm/K.

The excitation winding of T2 injects noise into the output, as well as into the primary
conductor. The improved version therefore consists of three cores, with the additional
T2’ being added to operate in the opposite direction (180◦ phase shifted), as shown in
Figure 2.11 [35]. When the excitation ampere-turns (At) between them, T2 and T2’ are in
perfect balance, the noise introduced by the excitation generator is canceled out. Sensors
based on this zero-flux method are typically bigger-format high-performance instruments
that are also consumptive and costly, making them overall unsuitable for mass market
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Figure 2.11: Block diagram of MACC zero-flux DCCT [34]. T1 as AC transformer, T2 and
T2’ as balanced zero-flux sensor, Ip as primary current to be measured, and A as current
output. c©2002 IEEE. Reprinted with permission from [35].

use. Products based on this solution include MACC [36], LEM IT [30], and many others.
Another approach to isolating the noise produced by the excitation cores is to embed this
core inside another core. This concept has been successfully used by Hioki [37].

High sensitivity and low offset have increased the popularity of flux-gate sensors in vari-
ous configurations: as a magnetic compass, an open-loop and differential current sensor, as
a general purpose magnetic sensor, implemented as a cost-effective replacement alternative
to Hall sensors on chip (e.g. DRV4255), and many others. They have even been printed
on flex boards [38].

2.8 Fiber Optic Current Sensors

Fiber Optic Current Sensors (FOCS) rely on the Faraday effect in optics as shown in Figure
2.12. When a polarized light beam E passes through a glass medium in a magnetic field,
its polarization vector θ rotates proportionally to the magnetic field strength B, described
by the Verdet constant V [rad/A]:

θ = V NIp (2.8)

where N is the number of turns around the primary conductor of current Ip, and θ is the
angle of Faraday rotation.

The typical value of standard silica fibers have a Verdet constant of 1 µrad/A at 1300
nm [39], which requires hundreds of meters to reach a suitable sensitivity. Due to the
known disadvantage, the so-called birefringence within the sensing fiber, which attenuates
the measured signal and thus the sensitivity of the sensor, long fibres came out with very
little signal and thus resolution. The typical resolution of a high performance system is in
the range of 100 .. 200 ppm6.

5https://www.ti.com/product/DRV425
6https://new.abb.com/power-electronics/focs/faq

https://www.ti.com/product/DRV425
https://new.abb.com/power-electronics/focs/faq
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Figure 2.12: FOCS - Principle of operation with Faraday rotation effect.

Thermally annealed fibers, twisted fibers, and spun fibers have been developed to sup-
press the linear birefringence at the cost of a weaker mechanical strength. An alternative
method to increase sensitivity is to add rare earth materials, such as terbium (Tb). This
effectively increases the Verdet constant up to 40 µrad/A at 1064 nm, which is equivalent
to 50.3 rad/T/m.

A typical FOCS system consists of a polarized light source, transmission fiber, Faraday
sensor head (fiber), and an analyzer that is splitting the light into two orthogonal vectors,
whose intensity is captured by the photo detectors [40]. The highest sensitivity can be
obtained with the so-called Sagnac-based detection [41], [42], which uses an interferometer
to measure the interference between the two counter-propagating paths. This architecture
has been extensively studied and used in high sensitivity fiber optic gyroscopes [43] besides
the FOCS. Another alternative method of interest similar to the zero-flux compensating
current is using an additional Faraday modulator to create a negative rotational change.
By creating a closed-loop system, in which a Faraday modulator driven by a secondary
compensating coil Icomp perfectly compensates the angle from the sensing coil, then Icomp
reflects the scaled down "mirrored" current of Ip [44].

The significant advantages of FOCS over other mentioned current sensing methods
include a very high current range, ranging over 600 kA with negligible saturation effects,
the electrical isolation (de-coupling) of a sensor element from the voltage line, its suitability
for very high voltage (grid) systems, and very fast response times.

2.9 Summary

A wide range of diverse application areas with differing requirements and tolerances re-
garding the performance of current sensors has given rise to various methods and types of
sensors being developed. These utilize different underlying physical principles, from ohmic
resistance (e.g., shunt) and induction (e.g., Rogowski transformer, current transformer), to
the magnetic field (e.g., Hall-effect sensors, fluxgate transformer, magnetoresistance mate-
rials), and the Faraday effect (e.g., fiber-optic current sensors) [45], each with its particular
advantages and drawbacks. Table 2.2 outlines the key characteristics of the listed current
sensing principles along with the desired, expected, target characteristics of the new sensor,
based on the motivation from Chapter 1.1.

Applications, such as massive solar power plants, battery storage systems, and e-
mobility, require compact and cost-effective current sensors with a large nominal mea-
surement range from a few A up to several kA. The wide dynamic range is needed for an
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accurate acquisition of short temporary currents of several orders of magnitude above the
nominal average (e.g., e-vehicle acceleration, in-rush currents in battery storage, etc.). The
identified missing gap on the market are low-cost sensors with a measurement uncertainty
of 3σ ranging from 0.01% to 0.1%. Such sensors require linearity that is at least 5 times
better, low offset, and very low temperature drift over an extended industrial temperature
range (i.e. -40 .. 105◦C). The emerging high frequency switching applications require a
bandwidth in the MHz range. The competitive DC technologies are shunt, closed-loop Hall
and MR transducers, and the flux-gate.

Shunts perform very well in the low-current domain, whereas at medium to high cur-
rents, they exhibit high power losses, which turn into a pure and undesirable heat dissi-
pation. They show high sensitivity to temperature drifts, consequently derated accuracy,
and may have limited withstanding overloading characteristics at inrush current surges and
voltages. A high quality shunt measurement at the end leads to higher-quality material
requirements and more expensive production. The shunt measurement circuitry needs to
support low-drift and accurate analog electronics, may require high voltage isolation, which
adds up in costs and the final size of the measurement module.

Hall closed-loop sensors are the lowest cost high current transducers, however their
accuracy is limited to around 1% over a wider temperature range. This is mainly because
Hall sensors are inserted into the magnetic circuit with an air gap, which reduces sensi-
tivity, immunity to external fields, and increases offset. TMR magnetoresistance sensors
significantly outperform Hall sensors, however similar to Hall sensors, they add an air gap
to a magnetic circuit, which reduces the overall performance.

That is why the gapless flux-gate sensors have shown to have many real world im-
plementations. The most accurate and costly zero-flux flux-gate implementation with a
magnetic core can reach absolute accuracy at the level of < 10 ppm of the measuring
current range, typically valid in the range between 300 A and 2 kA. A typical flux-gate
sensor is bandwidth limited. Further advancements proposed dual-core and tri-core imple-
mentations to extend their dynamic range and noise performances. The overall drawbacks
are their size and power consumption, making them predominantly suitable for use in spe-
cial applications, such as accelerators (cyclotrons, synchrotrons), test and measurement
devices, medical devices, such as magnetic resonance, and so on. Such solutions are costly,
complex, bigger, and operate at a high quiescent current.

A flux-gate sensor is quasi-independent of thermal drifts. Its benefits have led to lower
cost implementations, as is the LEM CASR, and consist of a single higher permeability
main core into which a ferrite material is inserted, operating as a flux-gate sensor. The
sensor magnetizes the lower portion of the material and thus operates at a lower power
consumption. However, such sensors are just slightly better than the Hall sensors, because:

1. the overall core permeability cannot reach the initial main core permeability due to
the two-part structure design,

2. temperature drift is still largely present due to the main core itself,

3. flux-gate modulation produces a lot of noise,

4. the relatively slow sampling frequency of about 450 kHz does not make this sensor
really usable above 100 kHz.

In the light of these challenges, this dissertation focuses on a design of a transducer based
on the:

• zero-flux principle to retain and improve the superb performance in terms of the
linearity, and
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• gapless core to maximize sensitivity, immunity at lowest DC offsets, similar to the
one achieved with the fluxgate principle.

The zero-flux (null) method also offers the widest frequency bandwidth at a modest power
consumption, as known to AC current transformers. The main challenge of the research
presented in this dissertation was therefore:

to invent a new type of DC/AC flux sensor that can be embodied into a compact,
single, gapless core.

The research led to an innovation, the Platiše Flux Sensor (PFS)[17], described in the
following chapters.
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Chapter 3

Modelling Magnetic Circuits for
Mixed Signal Simulation

In this chapter, methods and models are developed to perform a system simulation of a
newly designed magnetic flux sensor and a complete DC-CT. A simplified and fast simu-
lation of magnetic circuits with a current transformer are represented in Chapters 3.1 and
3.2, followed by an integration and a co-simulation of Verilog digital circuits in Chapter
3.3, and a co-simulation of firmware written in C in Chapter 3.4.

The system verification is based on an advanced, free, and open-source spice simulation
software named ngspice1, which has been upgraded in the scope of this research into a full
co-simulation framework with Verilog and embedded firmware2, to enable us to simulate
closed loops with digital controllers and filters. The spice macro models with a simulation
of magnetic fluxes in newly designed magnetic cores were designed in a freely available
FEM simulator3.

Due to the relatively high tolerances (over ±25%) of soft-magnetic materials, the ab-
solute accuracy of magnetic models are not of the greatest importance, but rather their
typical characteristics, simplicity, and stable convergence. Having this in mind, the devel-
oped methods and control loops should not be too sensitive in order to guarantee operation
in a wide temperature range and under various ambient conditions.

3.1 Magnetic Circuits

3.1.1 Non-Linear Model of a Ferrite Material

Ferromagnetic materials are characterised by a large susceptibility to an external magnetic
field (high permeability); they saturate at a certain maximum flux density and retain a
portion of it after the external field is relaxed, which is called retentivity or residual flux
density Br. To clear the residual flux down to zero, an opposite magnetic force is to be
applied of the value Hc named coercivity.

Jiles and Atherton [46], [47] developed a theory of ferromagnetic hysteresis as early as in
1983-1986 by separately describing the reversible (anhysteretic) and irreversible functions
and their base theory is still claimed to be the most accurate for soft ferrites [48]. Variations
of their model have been implemented in commercial simulators and have been further
improved to also include frequency dependency [49]. Other widely known models include

1http://ngspice.org
2http://isotel.org/mixedsim
3http://femm.info

http://ngspice.org
http://isotel.org/mixedsim
http://femm.info


26 Chapter 3. Modelling Magnetic Circuits for Mixed Signal Simulation

the Rayleigh Loop Model, Preisach [50]–[52], Chan-Vladirimescu [53], and Hodgdon [54],
[55].

S

Bs

H

H

βHm

B

Figure 3.1: Macro model of a ferrite material in which an external magnetic field H,
perpendicular to a dipole momentum field Hm, exercises torque to a magnetic dipole with
the magnetic flux density Bs and yields a total magnetic flux density of B.

However, a modelling of the entire hysteresis loop was not really needed within the
scope of this research, only the central value of the non-linear characteristics of the core.
An approximate and fast macro model was derived intuitively as depicted in Figure 3.1.

Let us consider a hypothetical material where a set of numerous dipoles with a total
magnetic flux density Bd [T] are all aligned perpendicularly to the core by a magnetic
field strength Hm to which an external magnetic field H [A/m] is applied. The magnetic
field H creates a momentum with each dipole trying to turn it around away from Hm,
whose angle can be described with β = arctan(H/Hm). As the dipole turns towards the
H axis, it adds to the magnetic flux density as B = Bs sin(β) in parallel to the magnetic
flux density of an empty space B = µ0H. This yields the following relation for the vector−→
B in the direction of

−→
H :

B(H) = Bs · sin

(
arctan

H

Hm

)
+ µ0H (3.1)

B(H) is a continuous function that may further be simplified to a simple and much faster
computed4 non-trigonometric function. Furthermore, under the assumption that µr >
1000, the tiny contribution of an empty space µ0 may also be neglected:

B(H) = H ·

(
Bs√

H2 +H2
m

+ µ0

)
≈ Bs ·

H√
H2 +H2

m

(3.2)

The resulting function is smooth with a continuous first (and further) derivative, which
ensures convergence within the ngspice numerical simulation.

dB(H)

dH
= Bs ·

H3
m

√
H2/H2

m + 1

(H2 +H2
m)2

(3.3)

For Hm > 0, Eq. (3.3) can be modified to:

dB(H)

dH
= Bs ·

H2
m

√
H2 +H2

m

(H2 +H2
m)2

(3.4)

4https://latkin.org/blog/2014/11/09/a-simple-benchmark-of-various-math-operations

https://latkin.org/blog/2014/11/09/a-simple-benchmark-of-various-math-operations
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which simplifies the actual implementation due to common terms with Eq. (3.2).
The characteristics of ferromagnetic material 26G from Iskra Feriti is shown in Fig-

ure 3.2a for which a non-linear curve fitting was applied, by using the python scipy.curve_fit(),
for approximating the center values between the upper and the lower hysteresis loop. The
result is shown in Figure 3.2b. The model has also been successfully verified on materials
15G, 22G, 45G, and others from Iskra Feriti.
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(a) Magnetization curve from the 26G data-sheet.

(b) Modelled 26G ferrite, Hm = 70 A/m, Bs = 0.361 T at T = 25◦C, f = 5 kHz.

Figure 3.2: Quasistatic magnetization curve of the Iskra Feriti 26G material.

This (new) simple macro model has the following properties:

• good fit for non-hysteresis loops,

• fast and simple continuous function with continuous derivatives, thus it converges
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easily, and

• easy to tune with the two parameters that can only be directly read out from the
data-sheet chart of the material where Bs represents a quasi-saturation point and
Hm a magnetic field strength at about 0.71Bs, which denotes a dipole mid-angle
β = 45◦.

To this macro model a hysteresis may be introduced as an angle deformation of the Hm

due to H, temperature dependency by providing the temperature T dependency charac-
teristics to the parameter Bs(T ), and frequency dependency by providing a pole. However,
for the development of the zero-flux DC-CT principle, as represented in this dissertation,
further complications are unnecessary.

3.1.2 Equivalent Electric Model

Magnetic circuits may be simulated using standard electric circuit simulators, such as
ngspice and others. By replacing the magnetic flux φ and magneto-motive force Θ, with
I as current and V as voltage, a ferrite material may be described as a resistor with a
non-linear transfer function derived from Eq. (3.2):

φ = Af ·B(
Θf

lf
) = R−1f (Θf ) (3.5)

where Rf is an equivalent non-linear resistance of the ferrite material with a cross-sectional
area Af and effective length lf . The Θf represents a magnetic voltage along the lf .
Similarly, an air gap may be represented by a simple linear resistor:

φ =
Ag
lg
µ0Θg = R−1g Θg (3.6)

where Ag is a cross-sectional area of an air-gap with the length lg, but it is not needed in
the following since the newly developed method is based on a gapless core. The coils link
magnetic and electric circuits by the following relations:

v = −N dφ

dt
= L

di

dt
(3.7)

Θ = iN (3.8)

The first relation describes voltage v induced in the electric circuit due to the flux φ change
in a magnetic circuit and the second relation creates a magneto-motive force due to the
electric current i in a coil with N turns.

3.1.3 ngSpice Models

3.1.3.1 Core Implementations and the Xspice Code Model: Core

The non-linear resistor from Eq. (3.5) was implemented in four ways:

1. As a sub-circuit with trigonometric functions.

2. As a sub-circuit with a root-square.

3. As an open-source ngspice code-model; actually, the existing xspice core model has
been upgraded with the third mode option PLATISE (3) besides the existing PWL
(1) and HYST (2) modes, by implementing Eq. (3.2) and Eq. (3.4).
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4. Compared with the existing ngspice PWL linear segment approximation mode.

Options 1, 2, and 4 were implemented as shown in Listing 3.1 together with a simple
benchmark code. The xspice code model implementation of option 3 is shown in Appendix
A. The benchmarks are shown in Table 3.1. The code-model in PWL and PLATISE mode
runs the fastest while PLATISE mode offers smooth derivatives and the fastest way to
model a new material. The simulation results of the PWL and the PLATISE modes are
shown in Figure 3.3.
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Figure 3.3: Comparison of the PLATISE and PWL core modes for the Iskra Feriti 26G
material within the ngspice simulator.

3.1.3.2 Coil Implementation

Coil Eqs. (3.7) and (3.8) are implemented within the ngspice in the lcouple code model
and an alternative implementation as a sub-circuit is shown in Listing 3.2. The sub-circuit
implementation executes about 5% faster than the code-model, as it is using the basic
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Listing 3.1: ngspice ferrite core models with a test circuit.
I s k ra F e r i t i 26G B−H Models

. param A = 2.3u

. param len = 1

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ OPTION 1 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

∗ f c o r e dc−ct model <uro s@ i s o t e l . org >, March 2016
∗ Fe r i t e Core , where A i s c r o s s s e c t i o n a l area [m2] , l l ength [m] ,
∗ Hm [A/m] and Bs [T] are model parameters .
. subckt f c o r e 1 2 A=1 l=1 Hm=70 Bs=0.361
B1 1 2 I = A∗Bs∗ s i n ( atan ( ( v ( 1 , 2 ) ) /Hm/ l ) )
. ends

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ OPTION 2 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

. subckt f c o r e 2 1 2 A=1 l=1 Hm=70 Bs=0.361

. param Hm2 = pow(Hm∗ l , 2 )

. param phi = A∗Bs
B1 1 2 I = phi ∗v (1 ,2 )/ sq r t (pow(v (1 ,2) ,2)+Hm2)
. ends

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ OPTION 3 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

. model i f 2 6 g core (H_array=[70] B_array=[0 . 361 ] area={A} length={len })

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ OPTION 4 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

. model i f 2 6 g t b l core (
+ H_array = [−1000 −500 −300 −250 −200 −150 −100 −50 −25 0
+ 25 50 100 150 200 250 300 500 1000 ]
+ B_array = [−0.357 −0.355 −0.351 −0.35 −0.34 −0.325 −0.3 −0.225
+ −0.1 0 0 .1 0 .225 0 .3 0 .325 0 .34 0 .35 0 .351 0 .355 0 . 3 5 7 ]
+ area={A} length={l en })

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ TEST CASE ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

A1 (1 0) i f 2 6 g t b l
V1 1 0 PULSE(−400 400 0 0 .8ms 1ms)

A2 (2 0) i f 2 6 g
V2 2 0 PULSE(−400 400 0 0 .8ms 1ms)

X3 3 0 f c o r e A=A l=len
V3 3 0 PULSE(−400 400 0 0 .8ms 1ms)

. c on t r o l
tran 1ns 0 .8ms

. endc

. end
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Table 3.1: Performance Benchmark in ngspice simulation and various implementations of
the Ferrite Core as per Eq. 3.2 normalized to ngspice transient analysis without any circuit.

Implementation Execution Time [s] Relative

Sub-circuit fcore with triangular functions 6.5 1.86

Sub-circuit fcore2 with root-square 7.0 2.00

Core Code-Model in PLATISE mode 4.1 1.17

Core Code-Model in PWL mode 4.1 1.17

Simulation time without any circuit (transient only) 3.5 1.00

Listing 3.2: ngspice coil model.
∗ mmfcoil MMF Coi l o f N Turns , <uro s@ i s o t e l . eu>, August 2012 , March 2016
∗
∗ f l u x cu r r en t s are denoted by C ( core ) p ins and
∗ e l e c t r i c a l cu r r en t s denoted with L ( inductance ) p ins .
∗
∗ L+L−C+C− number o f turns
. subckt mmfcoil 1 2 3 4 N=1
Ec 1 2 11 0 1
Hc 3 4 Ec {N}
Lc 11 0 1
Rp 11 0 1e7
Fc 11 0 Hc {N}
. ends

elements of the spice, and it provides additional low-pass filtering to smooth high speed
transients that would otherwise cause convergence problems in switching applications. The
implementation includes the following spice elements:

• Hc current-controlled (MMF) voltage source implements Θ = iN , which reflects the
current through L terminals to magnetic flux (current),

• Ec voltage-controlled voltage source maps the induced flux change to a voltage on
electric terminals L,

• Fc current-controlled current source reflects the flux passing through the Hc,

• Fc current drives inductance Lc, where its voltage represents the first derivative, and

• the additional parallel (parasitic) resistance Rp provides leakage that limits excessive
dφ/dt changes that would otherwise cause a divergence of the simulator. Effectively,
Rp limits a bandwidth of coupling with the core.

3.2 Current Transformer

A closed-loop DC-CT is a DC corrected zero-flux AC transformer. Hence, we started by
modeling the DC-CT from the design of a very simplified low-frequency current transformer
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model [22], [23] with one primary and one secondary winding N1 and N2, with primary
and secondary currents i1 and i2, terminated by a shunt resistance R on the secondary
side, as shown in Figure 3.4. The series resistance of the secondary winding Rs may be
added to this same R. The magnetizing current, and thus inductance L, is considered to
be the key part of the transformer and is therefore not drawn separately.

RN2N1

I1 I2

Figure 3.4: Simplified model of a current transformer.

The two transfer functions which are of our interest for modeling are the magnetic
flux vs. input current φ(i1) and the output current vs. input current i2(i1). With the
former, we gain insights in the ferrite core to understand its basic limitations, and the
latter provides an input vs. output transfer function.

3.2.1 Simplified Model

The magnetomotive force (MMF) balance for the basic model above is given as:

φ
l

Aµ
= i1 + i2N (3.9)

Traditional transformers need an air-gap to prevent the core from saturation. Herein,
we may assume it is already taken into account within the effective permeability µ. The
parameter l represents the effective length and A the cross section area of the core. For
the primary winding, a single turn is assumed and the secondary winding has N turns.

The input is fed by the current source i1. The output is terminated by effective resis-
tance R, which includes the winding resistance and the meter input resistance for the sake
of simplicity. The voltage at the second winding equals:

u2 = −N dφ

dt
(3.10)

and the current loop:
i2 =

u2
R

(3.11)

Substituting these expressions into Eq. (3.9) and applying Laplace transformation, we get:

Φ(s) = I1(s)

(
l

Aµ
+ s

N2

R

)−1
(3.12)

Replacing the N2Aµ
l with inductance L, the impulse response of the circuit is:

Φ(s) = I1(s)
R

N2

(
R

L
+ s

)−1
(3.13)

The solution to this equation for unit response is:

φ(t) = IU1
L

N2

[
1− e−

t
L/R

]
= IU1

Aµ

l

[
1− e−

t
L/R

]
(3.14)
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For AC transformers, Eq. (3.13) could be simply rearranged by replacing s with jω:

Φ(jω) = I1(jω)
R

N2

(
R

L
+ jω

)−1
(3.15)

Replacing the inductance L with L = ALN
2, which are given in the core data-sheets, the

absolute value of the flux is:

Φ = I1
R/N2√

(R/L)2 + ω2
= I1

R/N2√
(R/AL)2/N4 + ω2

(3.16)

To prevent the core from saturation, the magnetic flux density B = Φ/Amust be within the
ferrite core limits across the entire temperature range. Note that the saturation value de-
creases significantly at higher temperatures5. The higher the AL factor (permeability) and
the number of turns N at the lowest possible series resistance R, the lower the frequencies
a transformer can measure correctly.

3.2.2 Input vs. Output Response

The input vs. output transfer function is obtained in a similar way by substituting Eq.
(3.9) into Eq. (3.10), and the result into Eq. (3.11):

I2(s) = −I1(s)
s/N

R/L+ s
(3.17)

Response to the unit pulse in the time domain is given by:

i2(t) = −i1(t)
1

N
e
− t
L/R (3.18)

3.2.3 Bandwidth

Both transfer functions, the Φ(s) and the I2(s), imply the same time constant τ = L/R,
which makes the current transformer act like a high-pass filter. Increasing the time constant
(moving the pole toward zero) increases the lower part of the bandwidth of the transformer.
A theoretical DC current transformer would require τ →∞. The transfer function in Eq.
(3.17) and its unit response in time domain would then become:

I2(s) = −I1(s)
1

N
(3.19)

However, since this is not practically possible, an additional mechanism is required to
extended the lower bandwidth down to 0 Hz. The bandwidth of the current transformer
therefore ranges between the lower cut-off frequency, defined by the R/L, and the upper
cut-off frequency limited by the winding leakage inductance, stray capacitance, and the
ferrite material itself as shown in Figure 3.5 for material 26G. The core limitations can be
simply modeled with the inductance L serially in an electric equivalent of the magnetic
circuit. The models used in the simulation should have a lower bandwidth than the time
step interval (even though it reduces automatically) to avoid convergence issues. Leakage
inductance and capacitance introduce additional zeros and poles, which alter the flatness
of the i2(i1) transfer function.

5https://product.tdk.com/en/products/ferrite/ferrite/ferrite-core/index.html

https://product.tdk.com/en/products/ferrite/ferrite/ferrite-core/index.html
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Figure 3.5: Complex permeability vs. frequency of the Iskra Feriti 26G Material.

3.2.4 Quasi-Zero Field Transformers

Wire resistance Rs is proportional to the physical dimensions of the coil, such as the wire
width and total length, while the termination resistance, also called a burden resistor, is
typically chosen for the best resolution at the output at a minimal distortion of the core.

The termination resistance R, which is composed of a series resistance of the secondary
winding and the shunt resistance, has another important impact: decreasing its value not
only increases the time constant but also decreases the flux at some frequency ω > 0 as
seen in Eq. (3.16). The quasi-zero field transformer concept as introduced in Section 2.3
reduces the termination resistor down to nearly 0 Ω by using an OPAMP as shown in
Figure 3.6 and earlier in Figure 2.3. Having virtually removed the termination resistance,
the only resistance that remains is of the winding, which may also be very low, resulting
in near zero-flux AC operation while amplifying the output voltage, and thus increasing
sensitivity, proportionally to the RF . The output voltage is given by:

UO = i2RF (3.20)

A quasi-zero field transformer concept extends the dynamic range of transformers in terms
of current and bandwidth. It prevents premature saturation, especially on smaller sized
cores with high permeability.
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Figure 3.6: Concept of a Quasi-Zero Field Current Transformer.

3.3 Mixed Signal Simulation with Digital Circuits

For the performance evaluation and verification of the proposed design, the ngspice simu-
lation environment was used. Ngspice is a general-purpose circuit simulation program for
nonlinear and linear analyses with mixed-level circuit extensions:

• XSPICE, powerful analog and event-based mixed-signal simulation,

• CIDER, a mixed-level circuit and device simulator, and

• Verilog-A.

Xspice provides numerous additional analog, digital and hybrid models and introduced an
additional 12 digital node types: 0s, 1s, Us, 0r, 1r, Ur, 0z, 1z, Uz, 0u, 1u, Uu. Within the
scope of this research and for the possible development of integrated circuitry, an additional
tool Yosys6 for Verilog synthesis was incorporated into the process flow to ease the digital
design. The implementation of this integration includes the xspice technology library,
which maps the primitives from the Yosys synthesis to the ngspice event-based digital
circuit elements. In this way, the direct support of a relatively fast Verilog co-simulation
with analog circuitry has been introduced to the ngspice environment and published as
open source7.

The motivation for using open-source tools over other commercial packages is as follows:

• evolution of good software builds a strong community and thus the development
practically never ends, keeping the software up to date with the latest needs,

• as the community grows, so does the support, forums, irc channels, etc.,

• the software can be extended and have bugs fixed by its more experienced users,

• it leverages the knowledge of the entire community, for common good, especially
when software is non-proprietary licensed with either GNU, FreeBSD, Apache, and
other licenses of this type8.

3.3.1 Tools and Process Flow

Figure 3.7 represents the process flow and the tools used in addition to the ngspice:

• Yosys package, providing Verilog to digital primitive cells synthesis,
6http://www.clifford.at/yosys/
7http://isotel.org/mixedsim
8https://opensource.org/licenses

http://www.clifford.at/yosys/
http://isotel.org/mixedsim
https://opensource.org/licenses
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• Mixedsim ISOTEL Library, a technology mapping library for the Yosys and ngspice,

• Iverilog, a Verilog verification (simulator) tool,

• gtkwave, a Verilog waveform viewer,

• graphviz, used to display the synthesised net-list graphically.

Iverilog
Simulation

Gtkwave
Waveform
Display

Yosys
Synthesis

Graphviz
Display

Verilog
Source

.v

Verilog
TestBench

.v

Spice
Sub/Circuit
.cir, .mod

Spice
Generated

.mod

Yosys
Technology
.lib, .mod

Ngspice
Mixed-Signal

Simulation

ngspice
waveform

Figure 3.7: Process flow of the Verilog co-simulation within the mixed signal ngspice.

3.3.2 Example

For a simple Verilog pseudo-random generator with a compare function for use with the
ngspice shown in Listing 3.3, the compilation procedure from Listing 3.4 generates a stand-
alone ngspice sub-circuit module prsgen8_ngspice.mod. The example of instantiated gen-
erated sub-circuit is shown in Listing 3.5.
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Listing 3.3: prsgen8.v: 8-bit pseudo random generator with compare in Verilog.
module prsgen8 ( c lk , r s t , compare , out ) ;

input c lk , r s t ;
input [ 8 : 1 ] compare ;
output reg out ;
reg [ 8 : 1 ] s r ;
always @(posedge c l k )
begin

i f ( r s t ) begin
s r <= 8 ’ b10101010 ;
out <= 0 ;

end
else begin

s r [ 8 : 2 ] <= sr [ 7 : 1 ] ;
s r [ 1 ] <= sr [ 4 ] ^ s r [ 5 ] ^ s r [ 6 ] ^ s r [ 8 ] ;
out <= ( compare >= sr ) ;

end
end

endmodule

Listing 3.4: Yosys synthesis generates ngspice module.
read_ver i l og prsgen8 . v
read_ver i l og − l i b . . / . . / yosys / pr im_ce l l s . v
proc ; ; memory ; ; techmap ; ;
d f f l ibmap − l i b e r t y . . / . . / yosys / pr im_ce l l s . l i b
abc − l i b e r t y . . / . . / yosys / pr im_ce l l s . l i b ; ;
wr i t e_ver i l og prsgen8_syn . v
wr i te_sp ice −neg d_low −pos d_high prsgen8_ngspice .mod

Listing 3.5: Usage of Yosys generated netlist within the ngspice.
. i n c lude . . / . . / yosys / pr im_cel l s_ngspice .mod
. i n c lude prsgen8_ngspice .mod

∗ PRS with Compare Generator
Xprs dc lk dr s t s0 s1 s2 s3 s4 s5 s6 s7 dprsout prsgen8

. . .
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3.4 Embedded Firmware

Another advancement introduced to the ngspice is the direct co-simulation of a firmware
written in C, also published as open-source, to allow the direct verification of digital filters
and control loops implemented in micro-controllers. In contrast to the widely known
SystemC simulation, the idea was to reuse exactly the same code as would finally run
inside the micro-controller and with ease. For this purpose, an Xspice code-model was
introduced named d_process.

3.4.1 Xspice Code Model: d_process

Firmware can be represented as a synchronous state-machine with an arbitrary number of
digital inputs, outputs, a system reset and a system clock, as shown in Figure 3.8. This is

Figure 3.8: Xspice code model: d_process.

essentially the d_process, a code-model with:

• a variable number of digital inputs and outputs,

• an optional digital synchronous reset input, and

• a mandatory digital clock input.

Upon every rising edge of the clock, all the inputs are sampled and transferred to an external
process through the pipe, whose process must in return provide new output states. If the
actual target platform is an ARM embedded system, one may use the ARM cross-compiling
toolchain, the qemu as an ARM emulator with the GDB to run and/or debug the code in
an actual ARM environment.

3.4.2 Example

An example of a C-controller with a 12-bit digital input (i.e. ADC) and an 8-bit output
(PRS/PWM output) is shown in Listing 3.6 together with the main() function compiled
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Listing 3.6: The controller function in C.
#include <s t r i n g . h>
#include <s t d l i b . h>
#include <f c n t l . h>
#include "d_process . h"

#define DIGITAL_IN 12 // 12− b i t input from A/D
#define DIGITAL_OUT 8 // 8− b i t output to PWM. width

uint8_t c o n t r o l l e r ( uint32_t sample , int32_t Kp, int32_t Ki ,
uint8_t r e s e t ) {

. . .
return r e s u l t ;

}

int main ( int argc , char ∗argv [ ] ) {
struct in_s {

double time ;
uint8_t din [D_PROCESS_DLEN(DIGITAL_IN ) ] ;

} __attribute__ ( ( packed ) ) in ;

struct out_s {
uint8_t dout [D_PROCESS_DLEN(DIGITAL_OUT) ] ;

} __attribute__ ( ( packed ) ) out ;

for ( int i =0; i<argc ; i++) {
i f ( strcmp ( argv [ i ] , "kp")==0 && i+1 < argc ) {

Kp = s t r t od ( argv[++ i ] , NULL) ;
}
i f ( strcmp ( argv [ i ] , " k i ")==0 && i+1 < argc ) {

Ki = s t r t od ( argv[++ i ] , NULL) ;
}

}
f p r i n t f ( s tde r r , "%s (Kp=%i , ␣Ki=%i )\n" , argv [ 0 ] , Kp, Ki ) ;

i f ( d_process_init ( p ipe in , pipeout , DIGITAL_IN, DIGITAL_OUT) ) {
while ( read ( pipe in , &in , s izeof ( in ) ) == s izeof ( in ) ) {

/∗ c r ea t e a 16− b i t va lue from 12− b i t s packed in 2 by t e s
∗ nega t i v e time denotes d_process . r e s e t=1
∗/

out . dout [ 0 ] = c o n t r o l l e r (
( ( uint16_t ) ( in . din [1])<<8) + ( uint16_t ) in . din [ 0 ] ,
Kp, Ki , in . time < 0 ) ;

wr i t e ( pipeout , &out , s izeof ( out ) ) ;
}
return 0 ;

}
return −1;

}
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Listing 3.7: Instantiation of the d_process code model within the ngspice.

. model f irmware d_process ( p r o c e s s_ f i l e=" cont ro l l e r_ngut "
process_params=["Kp=10" , "Ki=2" ] )

Acontrol [ d i0 d i1 d i2 d i3 di4 d i5 di6 d i7 d i8 d i9 di10 di11 ]
+ c lk r s t [ do0 do1 do2 do3 do4 do5 do6 do7 ] f irmware

into the controller_ngut, and an example of ngspice instantiation in Listing 3.7. Optional
parameters Kp and Ki are passed as command line arguments, parsed at the beginning of
the main() followed by the while() loop, which receives data on every rising edge of the
clock clk, calls the controller() function, and returns the result on the same rising edge.
The call to the controller() function may be equivalent for an ADC interrupt or event
from a scheduler, post-processing, filtering the ADC input, and feeding a control loop to
return a result.

3.5 Eagle Support

Hand written text files of large spice circuits are generally hard to read and visualize and
are often erroneous. To this end, the Eagle9 tool, a cross-platform high quality EDA
software, can be utilized, whose functionality can be extended by writing User Language
Programs (ULP).

In this respect, the ngspice ULP extension was developed with the aim to be able to
annotate schematics using Eagle Schematics attributes, from which a valid spice circuit
and sub-circuits are generated. In addition, an ngspice library, as shown in Figure 3.9,
was developed with a collection of spice3f4 and xspice analog, digital, hybrid and real-
value based components, as well as extensions to external sub-modules, such as Verilog
and embedded C firmware code described earlier in this chapter.

9https://www.autodesk.com/products/eagle

https://www.autodesk.com/products/eagle
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Figure 3.9: Eagle ngspice library provides a collection of xspice elements.

3.6 Summary

This chapter represents the base elements that have been purposely designed and used in
the development of the new method, providing the following contributions to the open-
source community:

• a new, simple PLATISE model, incorporated into the ngspice, and a slightly faster
implementation of the coil with a bandwidth controllable parameter,

• integration of Verilog code via Yosys, and implementation of the supporting library,

• implementation of an ngspice code model for seamless firmware (C/C++) integration,
and

• implementation of an advanced Eagle User Language Program (ULP) script with
almost complete ngspice mixed signal library.

Further information with detailed examples are available at http://isotel.org/mixedsim.

http://isotel.org/mixedsim
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Chapter 4

Platiše Flux Sensor

To date, no known element has been discovered that could directly measure a constant
magnetic voltage drop on a magnetic material (resistance). So far, the only known method
to observe the magnetic flux in a magnetic material is to make it non-constant by changing
its amplitude or direction. In this respect, an active element analogous to a transistor in
an electronic circuit would be required, capable of redirecting the fluxes inside a magnetic
circuit, whereupon the resulting flux changes could be easily captured with a winding.

In this chapter, an innovative, patented [17] principle based on a flux redirection method
is presented. Chapter 4.1 begins with the basic principle of operation. This is followed in
Chapter 4.2 by the key active element, a so-called current controlled variable reluctance
that completes the Platiše Flux Sensor in Chapter 4.3. Finally, Chapter 4.4 provides
the principle of extracting DC/AC signals by means of the modulation and demodulation
of the sensing signals. When describing the operation, we refer to a core with realistic
parameters that was later built and evaluated. To this end, the same 26G material was
used for building a core as described in Chapter 3.1.

4.1 The Concept of Flux Measurement

(a) Block diagram.

t [s]

t [s]

t [s]

[V]

(b) Conceptual waveform.

Figure 4.1: The basic principle of constant (DC) magnetic flux measurement.

The working principle of the magnetic flux measurement is shown in Figure 4.1. The
UG generates magnetic flux via a “primary” path denoted by R4 to the newly designed
flux sensor represented by three branches, resistances R1 and R2, and some of the leaked
flux, which is depicted by R3. By altering the path of R1, the flux through R1 changes, as
it does through R2 and R3. The resulting change of flux Im can be observed as induced
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voltage N δφ
δt flowing through R2. If the polarity of the incoming current and thus the flux

changes, so does the output phase, as depicted by Im in the chart.
The challenge therefore lies in creating a new basic element S1 for magnetic circuits with

a current controlled variable reluctance (CCVR). To avoid any ambiguity, it is important
to note that variable reluctance has up to date been referred to motors and sensors, where
the reluctance changes due to the mechanical movement of a part of a magnetic circuit.
This is not the case with CCVR, where the reluctance is controlled by an electric current.

4.2 Current Controlled Variable Reluctance (CCVR)

Soft-magnetic materials B(H) have non-linear characteristics and saturation properties,
which is why an externally driven current may induce a magnetic force and drive the core
into the region of saturation, close to or into points a or b as shown in Figure 4.2a. In
these two final saturated points, the relative permeability is reduced down to µr → 1.

By using this non-linear property, the goal was to design an element that would create
a self-closed magnetic loop B(Is) and would not leak away and interfere with the measured
flux Bdc as shown in Figure 4.2b, which represents the first part of contribution C1.

CCVR is formed by opening a section in a magnetic material, creating a self-closed
magnetic loop B(Is) that is excited by a balanced winding Ls (which produces equal
electromotive forces) on both branches of the opening section. Such a winding Ls can be
wired as an infinity sign or as two independent windings. By adding an electric current Is
into Ls in a symmetrically balanced core (with an ideal opening exactly in the center of
the homogeneous magnetic material), the left and right branches of that magnetic material
are actively being pushed closer to the saturation points a or b. Now, let us consider the
following two cases to see how the CCVR element behaves:

• Non-excitated Core, in which Bdc = 0, with the effects of imbalanced magnetic
structures and wiring.

• Excited Core, in which Bdc 6= 0, with the CCVR characteristics as a switch.

An illustration of magnetic flux distributions inside the CCVR for the above cases is
represented by using a finite element method (FEM) simulation in the freely available tool
FEMM1. We considered the same 26G material from Figure 3.2b and a toroid shape with
an inner diameter of 13.2 mm, an outer diameter of 18.3 mm, a depth of 2.6 mm, an
opening section of the diameter of 1.2 mm, Is wires on the left and right sides of the core
with direction in, and inside the opening with the direction out. The CCVR section of
a described magnetic core is shown in Figure 4.3. As the target use of the CCVR is in
a DC-CT transducer, the characteristics are described in relation to primary current Ip
in ampere-turns [At], which induces Bdc and the controlling current Is also in [At] of the
(complete) winding Ls, which induces B(Is).

4.2.1 Magnetic Flux Distribution in a Non-Excitated Core

First, the behavior of the CCVR must be examined in the case of a non-excitated core
with Ip = 0 A so Bdc = 0 and Is = 100 mAt (mA-turns). Figure 4.4 represents the flux
distribution of a perfectly balanced (symmetrical) structure. Such a balanced structure
minimizes B(Is) leaking into the core, which in this particular case accounts 0.4 mT or
2.4 nWb compared to the flux density on the side branches of the CCVR of 160 mT or

1http://www.femm.info

http://www.femm.info
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H [A/m]

B [T]

Hc

b

a

(a) Typical B(H) hysteresis loop.

B(Is)

B_dc

Ls

(b) Platiše CCVR “∞” winding.

Figure 4.2: Current controlled variable reluctance magnetic element.
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Figure 4.3: CCVR section on the right side of the toroid core as seen in Figure 4.4.

Figure 4.4: Magnetic flux densities around CCVR in a non-excitated core.
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Figure 4.5: CCVR cross-talk (leak) from Is to Bdc for a symmetrical core and with a 0.1
mm opening section displacement.

275 nWb. This shows that CCVR current Is has a low impact on the primary and also
compensation winding of a final DC-CT transducer.

CCVR is also prone to over-driving by excessive Is currents, but even in such a case,
B(Is) does not significantly leak into the core, as long as the CCVR is balanced.

Similarly, primary and secondary currents are basically invisible to the Ls winding. The
characteristics of this leak, which is seen at the end in a DC-CT transducer as a cross-talk
between the CCVR stimulus current Is and the induced Bdc, appearing as unwanted noise
at the output of the transducer, is shown in Figure 4.5. Figure 4.5 represents the most
typical imbalance effect caused by the opening section displacement from the sides. For
example, a 0.1 mm of opening displacement would produce approximately 8.6 nWb or 1.4
mT of leak to the core at Is = 100 mAt, which would equal about 20 mA of a primary
current. As shown in the same figure, what we consider fully symmetrically positioned
openings in the toroidal core actually shows the characteristics of minor displacement due
to the ratio between the inner and the outer diameter of the toroid, which is 72%. The
effect can be compensated by intentionally displacing the opening section towards the outer
diameter.

The second noticeable imbalance is caused by imperfect winding, especially at a low
number of Ls turns. A higher number of turns that is manually imbalanced may, on the
other hand, compensate for the anomalies caused either by the opening displacements
or those arising from a non-homogeneous material structure, shape deformations during
production, and micro-cracks that affect (reduce) permeability in parts of the material.
Once the production capabilities have been determined, these parameters can be varied
and simulated to understand the practical limits.
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Figure 4.6: Magnetic flux densities around CCVR in an excitated core.

4.2.2 Magnetic Flux Distribution in an Excitated Core

Let us take a closer look at the behavior of the CCVR in the case of an excitated core
assuming a constant primary current of Ip = 100 mA, which together with stimulus current
Is = 100 mAt in the center of the toroid, produces a magnetic flux of φdc = 44 nWb or a
magnetic flux density of Bdc = 7 mT. Assuming a symmetric structure, this flux halves to
φdc
2 to both sides of the CCVR and on one side of the opening, it adds up to 297 nWb or

0.175 T, while on the other, it subtracts to the 252 nWb or 0.125 T. The simulation results
for this case are shown in Figure 4.6.

The effect of adding magnetic fluxes on one side keeps the path closed, but on the other
side, the area in which magnetic fluxes are subtracting causes the CCVR to behave like a
switch with a characteristic Bdc(Ip, Is) for a given simulation model shown in Figure 4.7.
With the increasing primary current, all curves converge into the saturation point.
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Figure 4.7: CCVR characteristic Bdc(Ip, Is) obtained with the FEMM simulator.

4.3 Complete Platiše Flux Sensor

Applying the functional CCVR as described in Chapter 4.2, we can now complete the
core structure of the Platiše Flux Sensor as proposed in Chapter 4.1. A path R2 as per
Figure 4.9 was created to the gapless toroid core, shown in Figure 4.8, of practically the
same dimensions as considered in Chapter 4.2. In particular, to create a new path for the
R2, an additional opening has been created with an additional winding Lm and magnetic
flux (current Im) in the center branch of the two openings, as shown in Figure 4.9. Due
to the small dimensions of the ferrite core, the area was symmetrically enlarged and Ls,
representing the path R1 as per Figure 4.1, symmetrically placed on the side branches of
the two openings. Figure 4.9 shows a completed core with a primary conductor and current
Ip in the center and a zoom-in of the Platiše Flux Sensor Ls and Lm winding.

4.3.1 CCVR Characteristics

Figure 4.10 shows the CCVR cross-talk induced by the CCVR Is to Bdc in the rest of the
core, represented in Figure 4.1 as R4. The impact is reduced compared to the CCVR only
implementation shown in Figure 4.5 with a single opening due to the newly added bypass
path R2 between the two openings. In addition, simulations have also been performed for
negative stimulus currents Is to illustrate the symmetry of operation of the CCVR, as well
as for a 0.1 mm displacement of one of the openings.

The CCVR characteristics for different CCVR stimulus currents Is are shown in Fig-
ure 4.11. The Bdc generated by the primary current Ip is now squeezed by the CCVR from
the R1 path to the R2. Therefore, the impact on Bdc vs. Ip at different CCVR stimu-
lus levels Is is reduced and almost negligible compared to the CCVR-only implementation
shown in Figure 4.7. In addition, the simulations were also carried out for negative primary
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8.
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3 x 0.9

2 x 1.8

2.6

Figure 4.8: Platiše Flux Sensor on a toroid core and block diagram of windings Ls split
into two branches R1 and the new measuring winding Lm in the R2.

currents Ip to illustrate the symmetry of the operation.
The low impact of the CCVR operation on the Bdc ensures the low noise operation of

the DC-CT transducer.

4.3.2 Sensor Characteristics and Sensitivity

The key parameter of interest for a detailed characterisation of the Platiše Flux Sensor
is the flux density in the measuring path R2 at different CCVR stimulus currents Is and
primary currents Ip. By alternating the Is current, depicted by a symbolical switch S1
in Figure 4.1, the flux density in the measuring path R2 alters. These changes are easily
captured by a measurement winding Vm = Nm

δφm
δt , where Vm is an induced voltage due

to the changing flux δφm through the measuring branch R2 or area enclosed by Lm, and
Nm is the number of turns of the Lm, also referred to as a gain factor of the measurement
winding. The sensitivity of the sensor is therefore:

S =
1

Ip
Nm

dφm(Ip, Is)

dt
|Is=M(t) [V/A] (4.1)

where Is is following an arbitrary modulation functionM(t). The sensitivity S is therefore
proportional to the switching speed, or period Ts of the M(t), the CCVR stimulus current
Is, gain Nm, and naturally dependent of the core material, design, and implementation.
The φm(Ip, Is) flux is in a non-linear relationship to Ip over the entire range, however DC-
CT typically operates in a null method in which the limited area sensitivity can be seen
as quasi-linear.

The two flux arrangements with slightly higher currents (for illustration purposes)
Ip = 1 A and Is = 0.2 A and Is = −0.2 A are shown in Figure 4.12. As per the simulation,
given this particular core construction with the openings and Ls positioned aside, a portion
of flux closes through the inner segment, the Lm. It creates a so-called cross talk C between
the Ls and the Lm:

C =
1

Is
Nm

dφ
+|−
m (Ip, Is)

dt
|Is=M(t) [V/A] (4.2)

The cross-talk C, even-though it may appear small, it does typically induce a higher
signal at the Lm compared to the Ip redirected either with a positive φ+m or negative
φ−m change. A Signal to Noise Ratio (SNR) defines the required dynamic range of the
demodulator and is given as SNR = (S/C)2 or SNR = 20 log10(S/C) in dB.



4.3. Complete Platiše Flux Sensor 51

F
ig
ur
e
4.
9:

P
la
ti
še

F
lu
x
Se
ns
or

on
a
to
ro
id

co
re

fr
om

F
ig
ur
e
4.
8
w
it
h
C
C
V
R
L
s
,m

ea
su
ri
ng

L
m

an
d
pr
im

ar
y
cu

rr
en
t
I p
.



52 Chapter 4. Platiše Flux Sensor

-1 -0.5 0 0.5 1
-1

-0.5

0

0.5

1

Is [At]

B
dc

[m
T]

ideal
0.1 mm off

Figure 4.10: CCVR cross-talk (leak) of a quasi symmetric (balanced) structure in Is to
Bdc from the Platiše Flux Sensor and with 0.1 mm of one opening section displacement
(asymmetry).

-3 -2 -1 0 1 2 3
-200

-100

0

100

200

Ip [At]

B
dc

[m
T]

I
s
=0 mA

I
s
=200 mAt

I
s
=500 mAt

I
s
=1 At

Figure 4.11: CCVR Characteristics Bdc(Ip, Is) in a core with a Platiše Flux Sensor.
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Figure 4.12: Flux distribution inside the Platiše Flux Sensor at Ip = 1 A and Is = ±200
mAt.

The characteristics of magnetic flux φm obtained with the FEM simulation for a limited
range of Ip = ±0.5 A and Is = ±0..300 mAt are shown in Figure 4.13a for positive and
Figure 4.13b for negative Is currents. Higher currents are not of practical interest for
DC-CT operating in a null method. Looking at Ip = 0 At and various Is currents, a cross-
talk is clearly observed that is positive for Is > 0 and negative for Is < 0. Additionally,
dead points at about Ip = ±100 mA are observed in either direction, at which point the
magnetic flux generated by the Is cross-talk and the Ip cancels. These severe effects can
be easily canceled by alternating the current ±Is, which subtracts the cross-talk C and
doubles the sensitivity of the sensor S.

4.3.2.1 An example of sensitivity and cross-talk calculation

The following subchapter presents an example of sensitivity and cross-talk calculation
(estimation) as per Eqs. (4.1) and (4.2), the characteristics of φm from the simulation
plots shown in Figures 4.13a and 4.13b, and the readings at Is = ±50 mAt (10 turns on
each side with 5 mA stimulus):

• φ0m(Ip = 10 mAt, Is = 0 mAt) = 1.909 nWb

• φ+m(Ip = 10 mAt, Is = 50 mAt) = 2.865 nWb

• φ−m(Ip = 10 mAt, Is = −50 mAt) = 0.997 nWb

then:

• flux change in the positive dφ+m direction is φ+m − φ0m = 0.956 nWb

• flux change dφ−m in the negative direction is φ−m − φ0m = −0.912 nWb

• combined flux change: dφ+m + dφ−m = 44.6 pWb

At Nm = 10, a CCVR driven by a triangular modulation signal with rising and falling
edges of dt = 2 µs and a period of 250 kHz results in the sensitivity:

S(Ip) = Nm(dφ+m + dφ−m)/dt/Ip = 22 mV/At (4.3)

The cross-talk calculated in the worst positive direction is:

C(Is) = Nmdφ
+
m/dt/Is = 95 mV/At (4.4)
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Figure 4.13: Platiše Flux Sensor characteristics for φm(Ip, Is).
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A triangular modulation signal provides a constant first derivative dφ/dt and thus easy
calculation of the sensitivity. Low-pass filtered square-waves can be used equally well in
the most simple implementations, besides a sine wave for the lowest noise performance.

4.3.3 Hysteresis Errors and Degaussing

So far, the hysteresis of a magnetic material has been ignored in the discussions and
derivations. It does not significantly impact the performance of the CCVR and the sensor,
however it does significantly impact the offset error, and it remains in the core after the core
has been magnetized. Magnetisation may arise from the non-homogeneous distribution
of the primary conductor magnetic fields due to the non-ideal conductor position, and
from surrounding objects that disturb the distribution of a magnetic field around the
primary conductor, or it may occur due to transients responses in which a zero-flux feedback
loop responds too slowly, or due to overloads in which a zero-flux closed-loop is unable
to compensate the excessively high primary currents. Overloads typically represent the
highest stress on the magnetic material.

A simple worst-case estimation of measurement error due to the hysteresis effects can
be obtained from the coercivity parameter Hc for a given material and the effective length
le of a gapless core and the number of primary turns Np:

Ioffset =
1

Np
·Hc · le (4.5)

For material 26G by Iskra Feriti, the data-sheet specifies that Hc ≈ 12 A/m; for the
given core with an effective length le = 50 mm, and Np = 1, this yields a theoretical
maximum offset of 0.6 A. However, due to the opening sections and narrower paths, these
saturate before the rest of the core, effectively reducing the worst case offset. By using high
permeability materials, Hc reduces down or below 1 A/m, effectively reducing the worst
case possible offset in the range of and below 50 mA referred to input (RTI). Note that as
permeability is affected by the temperature, so is the Hc and the worst case corresponding
offset. Lower amp sensors may use several primary turns Np for additional reduction of
the offset.

Degaussing is an approach to resetting the core remnant magnetic field. One possible
solution is to apply a current of the form sin(ωt) · e−

t
τ to the core, typically through the

compensation winding and triggered on start-up or upon the detection of core overloading.
Such a technique effectively reduces offsets down to the level of mA RTI.

4.4 Modulator and Demodulator

In sensitivity Eq. 4.1, it has been noted that the stimulus current Is can be modulated
with an arbitrary modulation function M(t) that carries the Bdc, i.e., its DC and also
AC magnetic flux information. Modulation and demodulation can be best described on a
square wave signal as in Chapter 4.4.3 below, however practical implementations may use
rise-time limited or low-pass filtered square waves, triangular, sine wave, and other shapes.

4.4.1 Principle of Operation

For small primary and stimulus currents Ip, Is < 100 mAt, the Platiše Flux Sensor can
be assumed to be quasi-inear. For the modulation M(t) being a periodic function with
the period of Ts, the induced voltage Vm on the measuring winding Lm is produced by
combining Eq. 4.1 and Eq. 4.2:

Vm(t) = S · Ip(t) · |M(t)|′ + C · Is ·M(t)′ (4.6)
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This is a kind of amplitude modulation (AM), a superposition of the Ip(t) modulated by an
absolute value of the first derivative of the absolute value |M(t)|′, due to the characteristics
shown in Figure 4.13, and a cross-talk between the Is and φm proportional to the amplitude
of the Is.

We are interested in the auto-correlation function between the stimulus and the re-
sponse given by:

Rxx(Vm(t), |M(t+ tdly)|′) (4.7)

and particularly in the time instance tdly where the Rxx reaches its maximum. The tdly
accounts for various delays along the path and non-ideal coupling with the core. The
optimal demodulation then equals:

Vp(t) = Vm(t) · |M(t+ tdly)|′ (4.8)

For a symmetrical function, the M(t) signs for M(t)′ and |M(t)|′ differ when M(t) < 0,
which results in cancelling the cross-talk C in Eq. (4.6) over the exact multiples of period
Ts. What remains is the left signal part only:

Vp(t) = S ·

(
Ip(t) · |M(t)|′

)
· |M(t+ tdly)|′ (4.9)

Simplified demodulators may have reduced multiplication to a simple +/- operator denoted
by a sign:

Vp(t) = S ·

(
Ip(t) · |M(t)|′

)
· sign

(
|M(t+ tdly)|′

)
(4.10)

For a symmetric and periodic function M(t), whose derivative has a single maximum and
minimum, demodulation simplifies to a simple square wave of frequency 2fs:

Vp(n) =

∫ nTs

t=(n−1)Ts
Vm(t) · sign(sin(4πfs(t+ tdly)) = Gm · S · Ip(nTs) (4.11)

where n is the sample count of sample period Ts. The response of a demodulated voltage
output is therefore directly proportional to the primary current Ip and the gain of the
modulating function M(t) integrated over the interval Ts is denoted by Gm.

4.4.2 Resonant Frequency

The Ts and fs are the period and the frequency of the modulation function M(t). They
also denote the sample interval, or mixer frequency with which Ip(t) is mixed. Therefore,
the resulting Vp(t) contains mixer products of the sin(2πfpt) sin(2πfs ·t) for each frequency
fp in the set of spectrum of the primary current Ip. The mixer therefore generates output
frequencies of fs ± fp, with down conversion |fs − fp| assuming that the Vm(t) is low-pass
filtered. When fp is approaching fs from either side, fp > fs or fp < fs, it begins to
produce a very low frequency demodulated signal which may interfere with the DC-CT
compensation regulator. When fp equals fs, the output is theoretically a constant and
it represents a resonant frequency of the sensor. If Vm(t) is not low-pass filtered, higher
frequency products exist that lead to the same condition. For a symmetrical functionM(t)
of a period Ts, the absolute operator |M(t)| effectively doubles the sampling frequency to
2fs.
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Figure 4.14: Concept of the Platiše Flux Sensor DC measurement.

4.4.3 Minimal Control Circuitry

Figure 4.14a shows a block diagram of the hypothetical minimal control circuitry required
for the operation of the Platiše Flux Sensor consisting of:

• a modulatorM in the form of a simple digital clock generator of a duty cycle 50%:50%
providing asymmetric modulation function M(t) where Is ≥ 0 is driving Ls,

• an analogue multiplexer AMux as demodulator D synchronized to the modulator, in
which two states with pairs (1–4, 2–3) and (1–3, 2–4) operate as a ±1 sign mixer,

• a low pass filter with a time constant larger or at least equal to Ts used to remove
glitches and transients sensed by Lm and demodulated by D.

Let us review the operation of the circuitry together with the core assuming a concep-
tual waveform as shown in Figure 4.14b, with an output voltage directly proportional to
the primary current of interest I1. For the sake of simplicity, let us consider that a primary
current I1 is generating a constant flux in the core. The CCVR denoted in Figure 4.14a
as S1 then redistributes this constant flux among paths R1 and R2 so that its changes
get captured by Lm and demodulated. R1 and R2 are typically significantly smaller than
R4 and since R2 does not change, the alteration of the resistance in the R1 path does
not significantly impact the flux magnitude changes in R4. A low-noise operation is en-
sured by the parallel branch R2, the closed magnetic loop path of the CCVR in R1, and a
bandwidth-controlled variable reluctance control current driver. Changing the direction
(sign) of I1 produces a 180 degree phase shifted U(Lm), but of an equal signal pattern,
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and the resulting output at D(4) is rectified as negative in the amplitude. The practical
modulator and demodulator frequencies in such control circuitry can go up to Ts = 500
kHz or more.

4.5 Verification

4.5.1 Core Design

The flux distributions and the theoretical characteristics of the CCVR and the Platiše Flux
Sensor have been obtained by using the FEM simulation. However, a FEM simulation is
rather slow and therefore unsuitable for further verification of the principle of operation
and development of DC-CT. For this purpose, an ngspice model of said core design was
built by using the magnetic circuits and models derived in Chapter 3. In the following
verification, we consider material 26G by Iskra Feriti. According to the geometry shown
in Figure 4.8 and Figure 4.9, a simplified electrical model has been built as shown in
Figure 4.15 and the generated ngspice circuit in Listing B.1.

The dashed lines represent a simplified magnetic equivalent circuit and the solid lines
the electric connections with the windings, the Ip and Is test current generators and ter-
mination resistors. The model follows the concept from the basic principle of the DC flux
measurement depicted in Figure 4.1, where R1 is split among the paths with magnetic re-
sistances A1A2 and A1B, R2 is represented by A2, R4 by A4, and R3 is simply neglected.
In this simplified model, a cross-talk is simulated by a slight displacement of one branch,
the A1B, by 0.2 mm.

Figures 4.17 and 4.19 show the flux through the Lm under the same conditions as in the
example in Chapter 4.3.2.1 for primary current Ip = 10 mAt DC and triangular stimulus
current Is = ±50 mAt of period 250 kHz, shown in Figure 4.16.

Figure 4.17a shows the flux of an ideal core without theoretical cross-talk. Comparing
this simulation to the example from Chapter 4.3.2.1, whose readings were done only for two
extreme points, the simulation also shows a non-linear relationship between the stimulus
current and the flux, shaping it into a quasi half-sine wave. The maximum flux change
can be directly read out from the plot. The first readout is considered as a positive change
dφ+, the rising edge of the Is between the first 1 µs until 2 µs, and yields about 23 pWb.
The second negative change dφ− on the falling edge of the Is between 3 µs until 4 µs yields
the same amount. Comparing the sum of 46 pWb with the FEM simulation from Chapter
4.3.2.1, whose combined flux change summed to 44.6 pWb, the models sufficiently match.
Figures 4.17b and 4.18 show the voltage induced by the flux in the Lm winding, measured
on R5, for positive and negative Ip = ±10 mA, representing how the sign of the Ip is
encoded into the phase of the induced voltage in the Lm winding.

In Figure 4.19a, a displacement of 0.2 mm is used to compensate for the asymmetry of
quasi-symmetrical openings on a toroid core. The simulation yields a cross-talk of about
the same amplitude as obtained with the FEM simulation in Chapter 4.3.2.1. Due to the
relatively low SNR, the signal cannot be visually detectable from this plot. However it
can be noticed in Figure 4.19b showing the voltage induced in the Lm winding, where
it is loaded on the top of the Is cross-talk carrier signal. This same cross-talk is also
induced in primary winding according to the ratio of turns between the primary and
the Lm winding, reduced by the area of the magnetic core of the winding Lm compared
to primary winding Lp, in this case for approximately a factor of 3. For this reason,
having symmetrically positioned openings is one of the key parameters in achieving high
performance implementations.

2The first A stands for Xspice Core Code Model.
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Figure 4.16: Stimulus current Is, measured on R7.
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(a) Lm flux, measured on Vm.
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(b) V (Lm1, Lm2) voltage, measured on R5.

Figure 4.17: Simulation Results of the Platiše Flux Sensor Core Model from Figure 4.15
and ideal symmetrical openings without crosstalk.
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Figure 4.18: V (Lm1, Lm2) voltage, measured on R5 for negative Ip.
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(a) Lm flux, measured on Vm.
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(b) V (Lm1, Lm2) voltage, measured on R5.

Figure 4.19: Simulation Results of the Platiše Flux Sensor Core Model from Figure 4.15 for
quasi-symmetrical openings with a cross-talk, simulated by a displacement of the branch
by 0.2 mm.
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4.5.2 Sensor, Modulator, and Demodulator

In the following we assume the same triangular modulation function M(t) as shown in
Figure 4.16. This modulation function and its first derivative for the n-th period can be
expressed as follows:

M(t) =

{
ktri · (t− nTs), nTs ≤ t < (n+ 0.5)Ts

ktri · ((1− n)Ts − t), (n+ 0.5)Ts ≤ t < (n+ 1)Ts
(4.12)

M(t)′ =

{
ktri, nTs ≤ t < (n+ 0.5)Ts

−ktri, (n+ 0.5)Ts ≤ t < (n+ 1)Ts
(4.13)

The first derivative of M(t), when saturated within the [+1, -1] boundaries, converts to a
simple sign (symmetric square wave) demodulator function as presented in Chapter 4.4.3.
Figure 4.20, which complements Figure 4.15, has added:

A5 a multiplier that calculates M(t)2 replaces |M(t)|,

A1 a derivative with [-1, +1] boundary limits, the output that provides the demodulating
function,

A3 a mixer that provides Vp as per Eq. 4.10

R11-C1 a 1st order low-pass filter that provides filtered result Vpf .

The simulation results as follows:

Figure 4.21a shows the modulating triangleM(t) and the demodulating function sign(|M(t)|′)

Figure 4.21b shows the demodulating function sign(|M(t)|′) and the V (Lm1, Lm2) volt-
age under the same condition from the previous chapter, shown in figure Figure 4.19b
at Ip = 10 mA,

Figure 4.22 shows the demodulated output VPF at Ip = 10 mA, yielding a sensitivity of
about 20 mV/A, comparable with the FEM results in Chapter 4.3.2.1.

Figure 4.20, and ngspice generated Listing B.2, in addition includes a PULSE generator
on the primary side to illustrate the AC performance. To overcome the cross-talk ripple
at the VPF output, the integration period should equal the stimulus current period. For
the sake of simplicity, the displacement was reset to 0, assuming an ideal core, and the
output filter constant reduced by changing C1 from 200 nF to 1 nF. The demonstrative
pulse response is shown in Figure 4.23.
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(a) Modulating triangle M(t) stimulus current Is in red and demodulating function sign(|M(t)|′)
in blue.
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(b) V (Lm1, Lm2) voltage for Ip = 10 mA measured on R5 in red, and demodulating function
sign(|M(t)|′) in blue.

Figure 4.21: The simulation results of a complete Platiše Flux Sensor Core Model from
Figure 4.20 for quasi-symmetrical openings with cross-talk, displacement of 0.2 mm.
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Figure 4.22: Demodulated VPF voltage, measured on R1 for Ip = 10 mA.
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Figure 4.23: Pulse response of the PFS voltage in [V] magnified 100 times in red, for ideal
symmetrical openings without cross-talk, and input current measured on R2 in [A] shown
as inverted in blue.
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4.6 Discussion

When designing the core with the Platiše Flux Sensor, the goal is to achieve high sensitivity
S at the highest SNR for a core and a material defined by mechanical constraints and a
trade-off between the minimal required stimulus current Is, the minimal leakage into the
core, at the minimal number of Ls and Lm turns to simplify the production process.

The accuracy of the sensor is typically defined by the gain stability, linearity, offsets and
their drifts. In closed gapless cores, gain is a function of permeability µ(T ) influenced by
temperature changes. An air-gap reduces and thus stabilizes the permeability dependence
on the temperature, i.e., dµ(T )/dT → 0, making the sensor also suitable for open magnetic
field measurements.

The Platiše Flux Sensor design with a symmetric modulation cancels offsets that could
have otherwise occurred due to the cross-talk and the electronics circuitry. This means the
majority of the offsets come from the material itself as described in Chapter 4.3.3. Cross-
talk also provides a higher ripple output (as per SNR), for whose output Vpf only a simple
first order filter has been demonstrated. However, Eq. (4.11) suggests that demodulator
should integrate over a complete cycle Ts to fully cancel the transients, and provide discrete
output samples at a rate 1

Ts
and signal bandwidth of 2

Ts
.

The output of the Platiše Flux Sensor can be treated in exactly the same way as the
output of a Hall sensor, a magneto-resistance sensor, or a standard (single core) flux-
gate sensor. There is one significant difference, however, in that the Platiše Flux Sensor
does not have an air-gap, which allows the complete magnetic circuit to reach an effective
permeability µe as high as 10k for soft-magnetic cores, 100k for nano-crystalline cores,
and even higher for special composite materials. This superior magnetic amplification
is directly comparable to zero-flux sensors and the simplicity of the implementation is
comparable to standard flux-gate or Hall-based sensors.

Furthermore, high-permeability materials have very low coercivity forces (Hc), but
are temperature-dependent and have a non-linear B(H). For this reason, the best use
of a Platiše Flux Sensor for current sensing applications is in a closed-loop null-method;
the same as applies to Hall sensors, flux-gate sensors, and magneto-resistance closed-loop
current transducers.
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Chapter 5

Direct Current Current Transducer
with the Platiše Flux Sensor

In this chapter, we review the already known principles of a closed-loop DC-CT null-
method with the new Platiše Flux Sensor, followed by a complete system verification and
extensively tested prototype implementation.

5.1 Principle of Operation

A block diagram of a closed-loop DC-CT is shown in Figure 5.1. With reference to Figure
4.14a, it adds:

• a compensation winding Lc,

• an integrator I with a feedback amplifier for driving the compensation winding Lc,
and

• an optional trans-impedance amplifier G used to convert current into voltage via a
low-impedance termination. It also decreases the cut-off frequency of the AC path
and thus increases both the stability and the AC performance of a sensor, as described
under the quasi-zero-field transformer in Chapter 3.2.4.

A simplified transfer function of the transducer can be derived from two parts. Firstly,
there is a direct AC path through the transformer between the primary winding and
secondary compensation winding Lc whose transfer function was derived in Eq. (3.17). The
second part is the newly added DC compensation part, which drives the same compensation
winding Lc and its series resistance Rc. As one terminal of the Lc is at a fixed potential,
connected to the G, and the other terminal is driven by the voltage source I, the current
through the winding is in its simplest form equal to:

Ii(s) =
Vi(s)

Rc + sLc
(5.1)

To keep the key concept equations comprehensive, we neglect the influence of the pri-
mary winding and the compensation winding leakage inductance and stray capacitance,
the properties of the soft-magnetic material, and the almost zero-ohm input resistance of
the trans-impedance amplifier G. According to the superposition theorem, the secondary
current I2 can be combined from Eq. (3.17) and Eq. (5.1) into the following Laplace form:

I2(s) = I1(s)
N1

Nc
· sLc/Rc

1 + sLc/Rc
+

Vi(s)

Rc + sLc
, (5.2)
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Figure 5.1: Block diagram of the DC-CT with the Platiše Flux Sensor.

where I1 is the primary current through the primary winding of N1 turns, I2 the com-
pensation current of the secondary winding of Nc turns with the inductance Lc and series
resistance Rc, and Vi is the output voltage from the feedback amplifier I. Typically, the
primary conductor has a single turn; however, more turns scale down the input current
range, as well as the magnetic offset and hysteresis. To simplify the model, N1 = 1 is
used in the following text. In addition, Figure 5.1 provides a trans-impedance amplifier G,
which converts and amplifies the I2 current to a voltage Um through the resistor Rf , i.e.,
Um = I2 ·Rf .

Due to the gapless core construction, the sensitivity of the sensor and inductance Lc
is very high, as well as the time constant τc = Lc/Rc with cut-off frequencies below 100
Hz. This means the required gain of a Platiše Flux Sensor is low, although its sampling
frequency is very high, making the DC-CT easily stable and characterised by low noise. In
such a transducer, the wide bandwidth AC part of the I1 flows directly through the core
and the compensation winding Lc, while the output from the flux sensor compensates for
the small errors starting at a few hundreds Hz down to DC. The ideal resulting current
through the Lc is thus reduced by a factor N1/Nc.

The DC compensation part represented in Figure 5.1 with the additional amplifier I
offers a bidirectional operation from a single power supply. For stable operation, it also
requires a proportional part of the regulation loop to be able to guarantee a sufficient phase
margin for stability. Therefore:

Vi(s) = Vp(s)

(
Kp +

Ki

s

)
(5.3)

where Kp and Ki are PI regulator parameters and Vp is the residual flux in voltage as
demodulated by the Platiše Flux Sensor. It can be simplified to a simple linear relation
around the zero of the function and within the limited range of approximately ±250 mA
to represent the difference between the primary and compensated currents:

Vp(s) = S ·
(
I1(s)−NcI2(s)

)
= S∆I(s) (5.4)

S in Eq. (5.4) is the sensitivity of the CCVR in V/A referred to input (RTI). Substituting
Eq. (5.3) and Eq. (5.4) in Eq. (5.2) yields the basic, conceptual, input/output transform
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function of the DC-CT:

I2(s) =
I1(s)

Nc
· s2Lc+ sKpNcS +KiNcS

s2Lc + s(Rc +KpNcS) +KiNcS
(5.5)

In the null-method, we are interested in the difference ∆I that directly represents the error
between the primary and compensation currents as well as the flux levels at which the core
operates during the transients:

∆I(s) = I1(s) ·
sRc

s2Lc + s(Rc +KpNcS) +KiNcS
(5.6)

Opening the regulation loop by setting Kp = Ki = 0, the equation reduces to the first
order response with the time constant Lc/Rc, as was already shown in Eq. (3.13). A
soft-ferrite material and gapless construction sensor is stable and linear within about the
∆Imax = ±250 mA range, so a required condition for stable operation is:

|∆I| < |∆Imax| (5.7)

The Eq. (5.6) may be re-organized in a typical form of a 2nd order system with the addi-
tional zero at 0:

∆I(s) = I1(s) ·
sRc/(KiNcS)

s2Lc/(KiNcS) + s(Rc +KpNcS)/(KiNcS) + 1
(5.8)

As the poles are typically away from the zero of the function, the self frequency and
damping factors are sufficiently well approximated using well-known relationships as a
starting point:

ω2
0 =

KiNcS

Lc
(5.9)

2ζ

ω0
=

Rc +KpNcS

KiNcS
(5.10)

Setting up the regulation loop may begin with the Ki taking into account the following
(practical) considerations:

• soft-magnetic materials have large tolerances that vary with temperature and be-
tween lots, for which Lc may vary from −50% to +100%,

• ω0 should be at least a decade higher than the cut-off frequency of the AC transformer
response, determined by the Lc/Rc time constant,

• ω0 should be at least a decade below the sensor bandwidth sampling with frequency
Ts and post-filtered, also considering the dead-time of the demodulator, possibly
lowering the maximum ω0 for another decade,

• |∆I| error on step response can be minimized by increasing the ω0,

• |∆I| < |∆Imax| stability should be ensured under all normal operating conditions,

• feedback voltage Vi operates in a limited range,

• feedback amplifier operates with a limited slew rate,

• the noise provided by the sensor and other components that also limit the Ki and
Kp should considered.
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Once Ki is determined, a good start for ζ is 1, which in turn determines Kp. Sensitivity S
as well as Lc are impacted by the temperature changes due to the material permeability
µ(T ) changes, however keeping the ratio S/Lc quasi constant. The Rc changes may be
ignored as KpNcS � Rc and thus the following simplification may be used:

Kp ≈
2ζ

ω0
Ki (5.11)

5.2 Verification

In Chapter 4.5.2, we modeled a basic Platiše Flux Sensor with the Modulator, and De-
modulator, which has now been upgraded to a complete conceptual closed-loop DC-CT,
as described in the previous chapter.

Eagle ngspice schematics are shown in Figure 5.2 with ngspice generated Listing B.3
in Appendix B. It consists of a core model TR1, a primary pulse excitation current (IP)
and current sense (VP), the control circuitry representing a modulator and demodulator,
a feedback path with a KI regulator (A2, A3), and a unity amplifier (A4) and a secondary
current sense VC. With the aim to verify the complete core — the modulator and demodu-
lator — regulator chain, a single and simple transfer function from Eq. (5.6) is represented
by a Laplace block (A1), whose ∆I output is to be compared with the error between the
primary and secondary currents of the core, referred to as input (RTI).

The core model with the Platiše Flux Sensor from Figure 4.15 is represented by a com-
ponent named TR1, and valued 40r9, featuring 4 windings, a primary TR1LP, a secondary
TR1LC, a stimulus winding TR1LS, and a measuring winding TR1LM. The TR1 40r9
Eagle ngspice component schematics are shown in Figure 5.3 with the ngspice generated
Listing B.4 in Appendix B.

Similarly, the modulator and demodulator from Figure 4.20 are represented by a con-
troller, the X1 component valued trimod, denoting the triangular modulation function
M(t) from Chapter 4.5.2. The component provisions connections that would be needed
in more realistic schematics, such as VCC, GND, REF, and the ROK - Range OK signal,
which may be ignored for now. The X1 trimod Eagle ngspice component schematics are
shown in Figure 5.4 and the ngspice generated Listing B.5 in Appendix B, with the sensor
output (SOUT) driving the PI regulator.

Model parameters of the 40A9R core are outlined in Table 5.1, which were used in the
core model. The core is designed for ±40 A with secondary winding of Nc = 1000 turns.
The sensitivity S has been obtained by FEM in Chapter 4.3.2.1 and ngspice simulation in
Chapter 4.5.2, to be about 20 mV/A RTI.

The Lc/Rc time constant is ≈30 ms. We select ω0 to be 100 times that frequency,
thus 523 Hz (3286 rad/s), and 30 times below the demodulator filter bandwidth of 16 kHz
(R11=10k and C1=1nF from Figure 5.4). From Eqs (5.9) and (5.11) and ζ = 1, we get:

Ki =
ω2
0Lc
NcS

= 377857 [1/s] (5.12)

Kp =
2Kiζ

w0
= 229 (5.13)

and the transfer function Eq. (5.6) becomes:

∆I(s) = I1(s)
23s

0.7s2 + 4623s+ 7557143
(5.14)
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Figure 5.5: The step response of the output of the DC-CT on a unity input of 1 A. For
easier comparison the secondary current is referred to input, thus multiplied by Nc = 1000.

5.2.1 Validation

The step response of the output of the DC-CT on a unity input of 1 A is shown in
Figure 5.5 with the zoom-in, where secondary current is referred to input, multiplied by
Nc = 1000. The proposed controller works by always requiring an error before the Kp and
Ki can actually begin compensating the decaying response of an otherwise pure current
transformer. From the zoom-in part of Figure 5.5, we may observe a steep initial response
that belongs to the pure AC response of the current transformer, followed by slow decaying
due to the Lc/Rc time constant and hence the rise of the signal from the sensor output
(SOUT) in Figure 5.6, which with the Ki and Kp nullify the primary vs. secondary
currents.

Stable operation is ensured by the condition |∆I| < |∆Imax|; this is why in the per-
formance optimization the |∆I| is the key function of our interest and is proportional to
the sensor output (SOUT) as long as the core operates within the quasi-linear region. The
|∆I| may be obtained from a complete non-linear system as (I1 − NcI2) RTI or from a
linearized and simplified Eq.(5.14), denoted by the signal LOUT in Figure 5.2. For val-
idation purposes, both are shown in Figure 5.7. As they match sufficiently, further AC
performance verification and optimization may rely on Eq.(5.14).
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Figure 5.6: The Platiše Flux Sensor output signal (SOUT) on a unity step response.
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Figure 5.7: Comparison of the I1 − I2 ×Nc and the ∆I from Eq.(5.14), signal LOUT.
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Figure 5.8: Frequency response of the Eq.(5.14) expressed as normalized current difference
(dI) error RTI, calculated as 1− |H(jω)| and its phase.

5.2.2 AC Performance

Figure 5.8 shows the frequency response of Eq.(5.14). The magnitude is plotted as 1 −
|H(jω)| to represent the error (attenuation) with its phase in the secondary current I2
normalized to the primary current I1 in dB. The biggest error (attenuation) happens at
the selected ω0. Figure 5.9a shows magnitude plots at different damping factors ζ, i.e.,
0.7, 1.0, and 2.0. The higher the ζ is, and consequently the Kp, the lower the maximum
attenuation error. However, the increased ζ also increases the settling time as shown in
Figure 5.9b, displaying the error referred to a primary for I1 = 1 A. This same error equals
to the magneto-motive force Θ = Ierror and generates magnetic flux φ = B(H) in the
core, and hysteresis loop as seen e.g. in Figure 3.2a. The greater the Ierror, the larger
the loop and thus the hysteresis effects that converts to an offset error. Overshots, for a
given ζ < 1, may act as small degaussing effects to a certain degree, however they resuls
in higher peaking.

A simplified model as represented by Eq.(5.14) offers an easy control and tuning of the
Kp and Ki parameters, along with the core parameters, for the best AC and DC perfor-
mance as per the application requirements, as long as the conditions listed in Chapter 5.1
are met. Note that in the above derivation, none of the effects from the primary circuit
were considered, including the air-coupling between the primary conductor and the Platiše
Flux Sensor, which may alter the performance. A high performance transducer should also
consider leakage inductance of the winding and stray capacitances that typically affect
frequency characteristics above 100 kHz. The optimization of these application-specific
parameters are beyond the scope of this dissertation.
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(a) Magnitude |∆I(ω)| response vs. frequency.
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(b) Error ∆I on step response for primary current I1 = 1 A.

Figure 5.9: AC performance of the Eq.(5.14) expressed as an error ∆I for different damping
factor values ζ.
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5.3 Implementation

The first proof-of-concept implementation of a ±40 A current transducer is shown in Figure
5.10a. It was implemented by using an existing off-the-shelf soft-ferrite core and a pro-
grammable analog chip in which a modulator and demodulator were implemented, with
an external operational amplifer (OPAMP) as a driver. The electronics implemented with
the two SO-8 silicons is placed on the PCB below the core.

After a successful evaluation, the first custom designed soft ferrite core rated for ±40 A
was implemented, shown in Figure 5.10b. This core, named 40A9R, whose key core param-
eters are listed in Table 5.1 along with the core drawing already seen in Figure 4.8, is used
as the reference core in this chapter and the previous Chapter 4. It is important to note
that the implementation of such a small core 40A9R with additional openings required
specially designed tools and technology processes to avoid cracking and stiffness of the soft
ferrite material.

(a) The first proof-of-concept ±40 A
DC-CT.

(b) The first custom-made
toroid DC-CT core 40A9R.

Figure 5.10: The first soft ferrite core prototypes.

Around the time of the custom core development, a new series of powerful ARM M0
embedded micro-controllers came to the market and was used in subsequent designs. The
analog electronics were upgraded with a fully digital control loop and 12-bit 1 MHz SAR
ADC and 13-bit DAC signal interfaces, along the external OPAMP as a driver. The initial
implementation of the DC-CT, used for extensive testing and evaluation results presented
in the following chapters, used a low modulator frequency of about 20 kHz. With the
progress of concepts and silicons, this frequency was risen to 222 kHz, and the regulator
PI control loop reached a maximum of 111 kHz, on a low-cost M0+ ARM running at 48
MHz. Mixed signal simulations, as presented in Chapter 3.3 with embedded firmware, as
presented in Chapter 3.4 have been employed in the design. However, these designs are
far beyond the key concepts of the Platiše Flux Sensor, and thus out of the scope of this
dissertation.

To simplify and reduce the component count, the modulator function M(t) was chosen
to be RC filtered square. It does generate slightly more noise but yields higher sensitivity
if samples are taken on the steeply rising and falling edges. The reduction of the ripple
generated by the stimulus winding Ls was successfully mitigated by a proper construction
of winding and shielding. In addition, special attention was given to the shielding and
molding process of the ferrite cores. Over 100 samples were built and tested to prove
the feasibility of the new technology and for further engagement into the industrialization
phase.
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Table 5.1: Structural and electrical parameters of the 40A9R core according to Figure 4.8.

Parameter Value Unit

Diameter 18.3 mm

Thickness 2.6 mm

Width 2.3 mm

Cross-sectional area R1, R2 2 mm2

Cross-sectional area R4 6 mm2

Effective length R1 of Ls 10 mm

Effective length R2 of Lm 6 mm

Effective length R4 of Lc 40 mm

Material 26G by Iskra Feriti -

Relative Permeability µr 2200 -

Coercivity Hc 12 A/m

Sensor winding Ls 20 | 560 turns | uH @ 100 kHz

Sensor winding Lm 10 | 254 turns | uH @ 100 kHz

Compensation winding Lc 1000 | 23 | 0.71 turns | Ω | H @ 10 kHz
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5.4 Testing Environment

Figure 5.11: Test bench with 40A9R connected to the DC-CT evaluation controller, MAC-
Cplus 600A, HP334401A, RTO1004, NGE100, and HP66000A with the custom-developed
2 MHz generator under the table.

The testing and performance evaluation of the proposed DC current transducer based
on the novel Platiše Flux Sensor was carried out in a purposely built development and
automated test environment (ATE). To this end, a high-current digital linear low-noise
DC/AC amplifier was developed that can handle up to 40 A at DC, 25 A up to 100 kHz,
4 A at 1 MHz, and a maximum bandwidth of 2 MHz. Multiple turns were used to achieve
higher ampere-turns. To ease the firmware development, testing, and integration with ATE
systems, the ISOTEL Device Manager1 (IDM) software was used, which is freely available
for download, together with the Python/Jupyter2 integration. Further equipment used in
the tests included a MACCplus 600 A with a Vishay VFR S-series 2 ppm/K3 reference
shunt resistor, a modular power system HP66000A, a digital multimeter HP34401A, a
data acquisition system Dewesoft Sirius for <100 kHz measurements, a digital oscilloscope
R&S RTO1004 for all other measurements, various temperature chambers and supporting
amplifiers, power supplies, and other accessories.

1http://isotel.org/idm
2https://jupyter.org
3http://www.vishaypg.com/docs/63001/63001.pdf

http://isotel.org/idm
https://jupyter.org
http://www.vishaypg.com/docs/63001/63001.pdf
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5.5 Performance Evaluation

The following chapters present the key performance measurements obtained for the first
DC-CT prototype with the custom designed core 40A9R.

5.5.1 The Platiše Flux Sensor Operating Characteristics

Referring to Chapter 4.2, the key principle of the Platiše Flux Sensor is to redirect the
flux between the paths inside the core. In Figure 4.7, we represented the static Bdc(Ip, Is)
characteristics obtained with the FEM simulator. As constant magnetic fluxes cannot
be measured with any instrument, an AC generator is applied to the core, and the fre-
quency response is measured on Lm at different stimulus currents through the Ls. The
measurement results are shown in Figure 5.12.

The sensitivity test S of the Platiše Flux Sensor is shown in Figure 5.13 as a function
of the sensor output rectified, but not amplified voltage Vp for a given input current range
Ip from -3 A up to +3 A, at a given peak-to-peak Ls stimulus current of 110 mAt.

Measurements in Figure 5.13 also represent the operational range of the Platiše Flux
Sensor on a 40A9R core, which is perfectly linear to at least±250 mA, giving an operational
range of ±0.5 A beyond which the material begins entering the saturation region and the
signal begins to fall. Sensitivity is S = 50 mV

A as per Eq. (5.4). The core can withstand an
absolute maximum ∆Imax of ±3 A beyond which the regulation loop diverges.
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Figure 5.12: The CCVR characteristics as a function of Is of the 40A9R core.
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Figure 5.13: The Platiše Flux Sensor characteristics of the 40A9R core.

5.5.2 DC Linearity and Accuracy

In order to evaluate the linearity and accuracy of the prototype DC-CT, we used the testing
setup depicted in Figure 5.11 with:

• HP66000A as a current source,

• MACCplus 600A as a reference instrument,

• Vishay VFR S-Series, S102K (50.000 Ω, 0.01%, 4.5 ppm/K) and S102CT (100.00 Ω,
0.01%, 3.5 ppm/K) in parallel as a burden resistor of value 33.333 Ω, and

• HP34401A as the 6.5 digit voltage meter.

The three major contributors of DC offset errors all relate to the core material:

• The initial offset due to the magnetization of the core Hc; this can be improved to
a large extent using the degauss procedure of the form Asin(ωt) · e−t/T to reset the
core to its initial condition.

• The hysteresis of the core material as a result of non-zero ∆I due to the principle of
operation of the PI regulation loop and a non-homogeneous distribution of the mag-
netic fields between the primary conductor and the core in a zero-flux configuration.

• The temperature drift, which is directly proportional to the remaining offset in the
magnetic core due to the previous two error sources and the temperature-related
changes of the material itself.
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Table 5.2: Measurement uncertainty evaluated at 10 A and 40 A of the primary current,
and coverage factor k = 1.

Standard Measurement Uncertainty uc @ 10 A (ppm) uc @ 40 A (ppm)

40A9R current reading (Type A, N = 10) 8 2

HP34401A as 6.5 digit volt meter from specifications and 90 days 98 34

MACCplus 600 A from specs with 10 ◦C temperature rise and 90 days 13 13

Uncorrected Vishay VFR S-series resistor from specs with 10 ◦C rise 84 84

Uncorrelated sum 130 92

The major source of gain error is introduced by the output trans-impedance amplifier
attached to the secondary compensation winding, which converts the secondary current
into a voltage output. In this prototype design, a long-term stable resistor with 0.2 ppm/K
from the Vishay Z-Foil VSMP series 1206 4 was used, which defines the gain stability. The
measurement uncertainties of the entire setup are given in Table 5.2.

40 30 20 10 0 10 20 30 40

Ip [At]

0.001

0.000

0.001

0.002

0.003

0.004

0.005

A
b

so
lu

te
 E

rr
o
r 

[A
]

Figure 5.14: Hysteresis and linearity of the 40A9R.

Figure 5.14 illustrates the linearity and hysteresis loop of the corrected gain, calculated
as the best fit straight line (BFSL) between the primary and secondary currents. The
measurement was taken after applying degaussing in each direction to the rated range (X
axis), while the Y axis represents the absolute error from the BFSL.

4http://www.vishaypg.com/docs/63060/VSMP.pdf

http://www.vishaypg.com/docs/63060/VSMP.pdf
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The closed-loop operation ensures a very high linearity, with a peak-to-peak of 6 mA
within the entire 80 A range. The gain is slightly affected by the primary winding position
and the asymmetrical winding due to additional openings in the core, which was to some
extent elaborated in [56]. As the linearity is about 200 ppm at coverage factor k = 2 and
by taking into account the stability part of the VFR uncertainty only (<45 ppm), the gain
accuracy specification was adopted from the Vishay VSMP burden resistor specifications.

Figure 5.15: Temperature stability at 25 A.

The temperature stability at a continuous and constant current of 25 A applied after
the degauss procedure was measured on 11 samples in a temperature chamber. The results
are shown in Figure 5.15. The outer envelope represents the ±3σ standard deviation, the
inner the ±σ standard deviation, both interpolated with a polynomial, and the curve in
the center shows the mean value. At lower temperatures, the offset accuracy is affected by
the lower permeability of the soft ferrite magnetic core. The decreased magnetic gain and
increasing Hc degrade the sensitivity S and thus the precision of the Platiše Flux Sensor.
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Figure 5.16: Stability over time at 25 A and Ta = 25◦C.

A two-hour test was conducted with the same samples at a constant ambient temper-
ature Ta = 25◦C and constant primary current of 25 A to observe stability over time. The
result is shown in Figure 5.16. The initial drift is due to the (self-)heating effects, which
then remains stable within a mA. The stability performance met the requirements of Eletra
20 A power supplies for use in their synchrotron, as extensively elaborated and described
in [57].

Hysteresis changes and offset drifts versus the series of cycles from zero to positive and
the negative maximum rated range and alternating between the minimum and maximum,
are shown in Figure 5.17a after the degaussing is applied, and in Figure 5.17b without the
degaussing.

The worst case measurements are summarized in Table 5.3.
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(a) Cycling at the rated range after degaussing is applied.
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(b) Cycling at the rated range without degaussing.

Figure 5.17: Hysteresis changes and drifts versus the series of cycles.
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5.5.3 Immunity to External Magnetic Fields

During both development and testing, we paid special attention to the shielding with
mu-metal and its negative effects on the curvature of the magnetic field of the primary
conductor. The design of the primary conductor winding must cancel its own magnetic
field to minimize interference with the mu-metal. Strong currents can saturate it and
nullify the shielding properties of the mu-metal shield. Our goal was to use the DC-
CT near higher current DC /DC switching power supplies, which generate significant
electromagnetic noise with their chokes and must be suppressed. Figure 5.18a shows the
immunity to the external magnetic field measured in a Helmholtz coil, and Figure 5.18b
shows the reference orientation of the DC-CT device during these measurements. The
immunity on the Y-direction is worse than in the X- and Z-directions due to the opening
on the bottom side of the housing with the primary conductor and the connecting pins of
the electronics.

(a) Immunity expressed as offset in all 3 axis.

(b) Orientation.

Figure 5.18: Immunity to external magnetic fields.
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5.5.4 Noise

The noise of the prototype DC-CT was evaluated by using the RTO1004 oscilloscope and
a direct connection of the core 40A9R to a burden resistor of 8 Ω. The system noise floor
of the measurement setup without DC-CT was 83 µArms at 10 kHz, 283 µArms at 100 kHz,
and 972 µArms at 1 MHz bandwidth.

The operation of the proposed DC-CT identified three major sources of noise:

1. Periodic excitation used in CCVR, which is seen as a ripple at a constant frequency
and its harmonics above 100 kHz.

2. A compensation regulation loop with the amplitude depending on the sensitivity of
the sensor and loop parameters below 10 kHz.

3. Output electric noise.

Table 5.3 lists the noise of the 40A9R core with the CCVR driven by a purely digital
output driver operating at 220 kHz measured on the Vishay VSMP shunt resistor of 33.2
Ω and a bandwidth-controlled (limited) voltage input.

5.5.5 AC Performance

The practical AC bandwidth limits of the DC-CT are defined by the core material, the
electronics circuitry, and the wiring methods of the compensation winding, as well as the
complete primary winding circuit. Note that one meter of a straight wire of 4 mm in
diameter already has a self-inductance of 1.2 µH and a resistance of 1.4 mΩ. The time
constant of such a wire τ = L/R is nearly 1 ms and limits the excitation rise times. For
this reason, the primary loop needs to be minimized and the wire twisted in the test setup.

A non-ideal compensation winding includes the parasitic capacitance between the wind-
ing to the core and the leakage inductance that distorts the flatness and may show up as
resonances at certain frequencies. In this setup, we used:

• a custom made 2 MHz generator with integrated RedPitaya5 as the DAQ, and

• the RTO1004 oscilloscope.

The Bode diagram was calculated by cross-correlating the reference input current with
the output of the DC-CT. The flatness accuracy was not evaluated specifically in this case.

Figure 5.19 shows large signal step responses, representing the typical use in DC/DC
switching applications. Slightly higher frequency damping is observed in transient response,
resulting in a timing response (measured at 90%) of about 1.5 µs, while the response time
(measured at 10%) is less than 100 ns for a maximum current slope of 30 A/µs reached
with our test setup.

Figure 5.20 shows the bandwidth of the 40A9R transducer, separately for magnitude
and phase. In this particular test, the AC current at 100 kHz was more than 6 A and
gradually decreased to about 1.5 A at 1 MHz. The flatness between 1 kHz and 200 kHz
is a shortcoming of the filter design used in this prototype. As one approaches the MHz
frequencies, the capacitive coupling between the primary and secondary winding comes
into effect, which suddenly drops due to the limitations of the soft ferrite core material.

5https://www.redpitaya.com/

https://www.redpitaya.com/
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Figure 5.19: Large step response of the 40A9R core.

Figure 5.20: Small signal bandwidth, 15% Ip until 100 kHz, and 3% Ip at 1 MHz.
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5.6 Summarized Results and Comparison with LEM DC-CTs

Table 5.3 summarizes the performance results for the prototype DC-CT based on 40A9R
core and compares them with widely used DC-CTs of different performance classes and
technologies. LEM IT represents the highest performance LEM transducers based on a
tri-core flux-gate. LKSR family is a low cost family based on a single-core flux-gate, and
the LZSR is based on a Hall sensor.

The new DC-CT with Platiše Flux Sensor significantly outperforms the single core flux-
gate technology and with the lower current consumption and wide bandwidth competes
with the LEM IT technology. The evaluation of the 40A9R shows the market potential in
the proposed accuracy classes, i.e., 0.1% for lower amps, such as is 40A9R, and down to
0.01% for high current transducers.

Further developments continue in the direction of using higher permeability materials,
which will further reduce the magnetic offset and hysteresis, and D-class design of the
secondary winding amplifier to further reduce power consumption.

Table 5.3: Performance comparison of current transducers of different technologies.

DC-CT 40A9R LEM IT 60A 1 LKSR-50NP 2 LZSR-80P 3

Technology Platiše-Flux 3-Flux-Gate S-Flux-Gate Closed-Hall

Turn Ratio 1000 600 1600 2026

Rated Primary Current Ip (A) 40 60 50 80

Linearity (ppm) <200 20 1000 -

Voltage Out Gain Accuracy (%) 0.1 - 0.8 0.8

Voltage Out Gain Drift (ppm/K) 10 - 40 75

Total Worst Offset RTI (mA) ±27 ±15 ±140 ±414

. . . without degauss and starting at Ip 6= 0 ±90 - - -

Offset Drift RTI (uA/K) 50 150 <700 240

Step Response to 90% (us) 1 1 0.4 >3

Bandwidth at 0.5% Ip, −3 dB (kHz) >800 800 300 200

Reaction time, 0 to 10% of Ip (µs) 0.1 @ 30 A
µs - 0.3 @ 50 A

µs 1 @ 50 A
µs

Time Response, 0 to 90% of Ip (µs) 1.5 @ ≈15 A
µs 1 @ 25 A

µs 0.4 @ 50 A
µs ≈3 @ 50 A

µs

Noise RTI < 10 kHz (mArms) 4 0.2 0.4 29 6

Noise RTI < 100 kHz (mArms) 4 0.5 0.9 38 10

Noise RTI < 1 MHz (mArms) 4 1.6 - 58 29

Power Min . . .Max (W) 0.13 . . . 0.33 2.4 . . . 3.9 0.1 . . . 0.24 0.1 . . . 0.2

1 LEM IT 60, https://www.lem.com/sites/default/files/products_datasheets/it_
60-s_ultrastab.pdf; 2 LKSR, https://www.lem.com/sites/default/files/products_
datasheets/lksr_series.pdf; 3 LZSR-80P, https://www.lem.com/sites/default/
files/products_datasheets/lzsr_80-p.pdf; 4 the RMS noise of LEM products was cal-
culated as peak-to-peak/6.6.

https://www.lem.com/sites/default/files/products_datasheets/it_60-s_ultrastab.pdf
https://www.lem.com/sites/default/files/products_datasheets/it_60-s_ultrastab.pdf
https://www.lem.com/sites/default/files/products_datasheets/lksr_series.pdf
https://www.lem.com/sites/default/files/products_datasheets/lksr_series.pdf
https://www.lem.com/sites/default/files/products_datasheets/lzsr_80-p.pdf
https://www.lem.com/sites/default/files/products_datasheets/lzsr_80-p.pdf
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Conclusion

In a single century, electricity has become essential to our lives and activities, and monitor-
ing its use via the measuring of electrical current is now vital for the operation of various
devices, systems, and processes. The development of current measurement principles and
technologies has included a number of significant achievements. The first galvanometers
were discovered by André-Marie Ampère and developed by Jacques-Arsène d’Arsonva in
1882. Shunts based on Georg Simon’s Ohm Law from 1827 were initially used to extend
the current range of galvanometers. AC transformers were invented in 1880-1884 by in-
ventors Sebastian Ziani de Ferranti, Ottó Bláthy, Károly Zipernowsky, and Miksa Déri,
followed by the Rogowski Coil in 1912 and the first Edwins Hall sensors in 1950. The mag-
netoresistance effect developed by Lord Kelvin in 1856 led to tunnel magnetoresistance
by Julliere in 1975, and later in 2007, Albert Fert and Peter Grünberg discovered giant
magnetoresistance. In 1936, Hans Aschenbrenner and Georg Goubau invented the fluxgate
magnetometer, which led to the development of the most accurate and precise current sen-
sors today. This was followed by the latest fiber optics current sensors. This dissertation
describes a novel principle for isolated, precise, and accurate current measurements using
a flux measurement sensor. It was invented in 2006 by Uroš Platiše and worldwide patent
applications were granted in 2018-2021.

6.1 The Novelties: CCVR and PFS

This dissertation presents a novel type of active magnetic element embedded into the
magnetic material that acts as a magnetic transistor, capable of modulating the passing-
by magnetic flux by controlling the (external) electric current. Since the term magnetic
transistor has already been used for a bipolar junction transistor with one or more magnetic
regions [58], an alternative term Current Controlled Variable Reluctance (CCVR) has been
introduced.

With an active element embedded inside a magnetic circuit, a flux redirection principle
was applied, analogous to zero-drift operational amplifiers with a modulation/demodula-
tion scheme that created a new type of flux sensor, the Platiše Flux Sensor (PFS) (named
after the inventor), thoroughly described in Chapter 4.

Since the PFS is embedded into the magnetic core without the need for an air-gap,
the core retains the original highest possible permeability, sensitivity, and immunity to
external magnetic fields. Evaluated and thoroughly verified in a zero-flux closed-loop DC
Current-Transducer (DC-CT), as described in Chapter 5, the innovation shows superior
performance compared to other widely used DC current transducers based on different
key principles, such as Hall, magnetoresistance, and single core fluxgate, approaching the
performances known to the high-end fluxgate implementations. The performance results
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have been presented, tested on over 100 prototype samples, and verified in a representative
testing environment.

6.2 Technology Readiness

The evaluation prototypes of PFS used in this dissertation were implemented by using
soft ferrite magnetic materials of a relative permeability of only µr = 2200. The lower
permeability material was mechanically stronger and thus better suited to implement the
innovation in a prototype series.

As the PFS element is relatively small, its energy consumption, including the electron-
ics, is also relatively low, below 10 mW, making this technology suitable for lower power
applications and applications in battery management systems where the low standby and
quiescent currents are of particular importance. The size of the element and the energy
consumption directly imply that the novel sensor does not produce a lot of noise to the
primary and secondary windings, so it can operate at higher frequencies and provide a
sensitivity over 100 mV/A.

The accuracy of the sensor depends on the gain linearity, long-term stability, and offset.
The offset was identified as the key contributor to the overall accuracy, which mainly
depends on the magnetic core material itself. Recalling Eq. (4.5), stating the worst case
offset of a magnetic material without an air-gap is proportional to the coercitivity Hc and
the effective length le. We have shown that the maximum offset of the prototype toroid core
40A9R using the 26G material by Iskra Feriti is about ±0.5 A. The degaussing techniques
reduced the offset below 30 mA in the 40 A operational range, which equals 0.1% of the
full-scale. Other performance parameters, such as linearity below 200 ppm, sensitivity of
over 0.5 mA, bandwidth of over 800 kHz, very low noise of 0.5 mArms below 100 kHz, and
1.6 mArms up to MHz reach the performances of costly, higher power consumption, and
much larger high-end fluxgate devices. In the scope of this development, a process was
developed for small volume production and automated testing.

The latest research and developments have made significant progress with very high
permeability and mechanically stronger materials, such as amorphous and nanocrystalline
materials [59], [60] with relative permeability µr up to and over 100k, and Hc around 1
and below, reducing the worst case offsets by a factor of 10; with the degauss techniques,
the offsets may be reduced below 10 mA. Especially due to this progress, the Platiše Flux
Sensor technology becomes highly competitive and ready for mass market deployments in
DC-CTs and low-cost implementations. Miniature implementations on a chip could use
embedded ferromagnetic technology [61].

The last decade has seen significant progress in the semiconductors industry. Low-cost
programmable analog and digital micro-controllers with increasing computing power and
very low active power have enabled the prototyping and product industrialization of the
concept that was initiated over a decade ago. The presented innovation with the state of
the art materials and silicons enables compact and rigid DC current sensors that are also
able to address harsh automotive environments and other critical application areas.

Even-though this dissertation was focused on the development of DC-CTs, the use
of CCVR as an active element embodied into a magnetic material may find other uses
and appear in different forms, as micro and nano-structures. For instance, it can be
used to implement current controlled variable inductors. The PFS is a composition of
the CCVR, a measuring winding and associated electronics circuitry. As such, it can be
applied to any application that requires magnetic flux measurement inside a magnetic
material structure without introducing an air-gap, i.e. potentially interesting for electric
drives, valves, position sensors, or as general magnetic flux sensors. The CCVR as an
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active magnetic element and PFS as a sensing element thus represent the basic elements
with which a complex magnetic circuits can be formed.

6.3 Designed for Emerging Applications

Emerging applications, such as renewable energy sources, electric vehicles, Industry 4.0,
and the Internet of Things, use current sensors as part of a larger system. The analog
signals are quantized using 16-24 bits analog to digital converters (ADC) at sample rates
from 10 kSa/s (samples per second) and over 10 MSa/s.

In the scope of this dissertation, the requirements of modern data acquisition systems
have been considered by providing DC accuracy in the 0.1% accuracy class, flat wide
bandwidth AC response with good response times, and a low noise PFS closed loop system.
To be suitable for integration in the emerging applications, the overall solution was designed
to be as compact as possible, with low power consumption, very low quiescent/idle current
consumption, and low cost.

Further research and developments are following these requirements in several direc-
tions. Recently, we have developed a high performance DC-CT with a measurement range
of 1 kA and a peak range of 2 kA, linearity < 100 ppm, typical offset ±50 mA, with a
core of outer diameter size of only 47 mm, which was integrated in a high performance
data acquisition system (DAQ) with a sample rate of 15 MSa/s. Other lines of activities
are focusing on lower power consumption, by employing D-class amplifiers, and digital
networked sensors, by including DAQ and standard network interfaces, such as LAN with
Time Sensitive Networking1 (TSN) and Power over Ethernet (PoE), the latest Single Pair
Ethernet (SPE) with Power over Data Lines2 (PoDL), and industry standard network
protocols, such as OPC/UA3 and others.

6.4 The Future, Peer to Peer Energy

The existing legacy power grids have been designed to source energy from powerful central-
ized power plants and deliver it to large industrial consumers and numerous households,
which at the end represent over 30% of total electric energy consumption. Recently, the
power grids have been faced with the large amount of distributed renewable sources, whose
generation is limited by grid sinking capabilities, and electrical cars. The latter consume
between 15 and 20 kWh per 100 km, which is comparable to a typical daily household
usage, which is around 10 kWh. These changes directly affect the power grids by the in-
creasing energy demand and energy flows that are no longer unidirectional. Grids have not
been designed for such bidirectional flows and because the future is about decentralized
energy sources, we aim to make DC-CT technology to support true decentralized peer to
peer energy provision, recently also approved by European energy directives [11].

Peer to peer energy could represent a major shift towards DC sub-kV systems between
households, simplifying conversions, improving efficiency, and providing compatibility with
electric vehicles whose batteries are also in sub-kV voltage ranges. This was impossible at
the time the AC grid was being developed due to the lack of semiconductors and lower-
cost DC metering technologies. Therefore, to achieve this, an inevitable element of such a
system is an accurate and precise networked Direct Current Current Transducer.

1http://1.ieee802.org/tsn
2https://standards.ieee.org/standard/802_3bu-2016.html
3http://opcfoundation.org

http://1.ieee802.org/tsn
https://standards.ieee.org/standard/802_3bu-2016.html
http://opcfoundation.org
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Appendix A

ngSpice/Xspice Upgraded
Code-Model: Core

Listing A.1 shows the excerpt from the file src/xspice/icm/xtradev/core/cfunc.mod
which has been added to support the PLATISE soft-ferrite core model. The specification
file ifspec.ifs has been altered to allow for the array of a single value for B and H, and
option 3 has been added to the mode. Only the part that has been modified is shown in
Listing A.2.
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Listing A.1: cfunc.mod.
. . .

/∗ Retr i eve mmf_input va lue . ∗/
mmf_input = INPUT(mc ) ;

/∗ Ca l cu l a t e H_input va lue from mmf_input . . . ∗/
H_input = mmf_input / l ength ;

/∗ P l a t i s e model based on B_sat in B[ 0 ] and H_m in H[ 0 ] ∗/

i f ( s i z e == 1 | | mode == PLATISE) {
double H2 = H_input∗H_input ;
double Hm2 = H[ 0 ] . rva lue ∗H[ 0 ] . rva lue ;
double HHm2 = H2 + Hm2;
double HHm2sqrt = sq r t ( HHm2 ) ;

dout_din = B [ 0 ] . rva lue ∗ Hm2 ∗ HHm2sqrt / (HHm2 ∗ HHm2) ;
B_out = B [ 0 ] . rva lue ∗ H_input / HHm2sqrt ;

}

/∗ Determine segment boundar ies w i th in which H_input r e s i d e s ∗/

else i f (H_input <= (H[ 1 ] . rva lue + H[ 0 ] . rva lue ) / 2 . 0 ) {

. . .

Listing A.2: ifspec.ifs.

PARAMETER_TABLE:

Parameter_Name : h_array b_array
Desc r ip t i on : "magnetic ␣ f i e l d ␣ array " " f l u x ␣ dens i ty ␣ array "
Data_Type : r e a l r e a l
Default_Value : − −
Limits : − −
Vector : yes yes
Vector_Bounds : [ 1 −] [ 1 −]
Null_Allowed : no no

PARAMETER_TABLE:

Parameter_Name : mode
Desc r ip t i on : "mode␣ switch ␣ (1 ␣=␣pwl , ␣2␣=␣hyst , ␣3␣=␣ p l a t i s e ␣ ( auto ) ) "
Data_Type : int
Default_Value : 1
Limits : [ 1 3 ]
Vector : no
Vector_Bounds : −
Null_Allowed : yes
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Appendix B

Eagle ngSpice ULP Generated
Netlists

The following Listings are automatically generated from the electric circuits in Chapters
4 and 5 by the ngspice.ulp user-language program, developed to support mixed domain
simulation of analog, digital (verilog), embedded firmware, and more complex simulation
circuits. See Chapter 3.5 for more information.
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Listing B.1: Generated spice netlist from Figure 4.15.
∗ 40 r9 P l a t i s e Flux Sensor on a Toroid Core

. param Bs =0.361

. param Hm =70

. param l_dis =−0.2mm

. model seg26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length=6mm)
A1A (3 10) seg26g

. model segb26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length={6mm+l_dis })
A1B (3 9) segb26g
A2 (3 8) seg26g

. model r ing26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=6.2umm
+ length=52mm)
A4 (6 5) r ing26g
I1 lp1 lp2 DC 0.010
I2 l s 1 l s 2 PULSE(−5m 5m 0us 1 .9 us 1 .9 us 0 .1 us 4us )
R1 0 lp2 100Meg
R2 lp1 2 0 .001
R3 13 lm1 0 .1
R4 4 lm2 0 .1
R5 lm2 lm1 1Meg
R6 0 lm2 100Meg
R7 16 l s 1 0 .1
R8 19 l s 2 0 .1
R9 0 l s 2 100Meg
VC 6 0 0
VM 12 0 0
VSA 1 0 0
VSB 11 0 0

. i n c lude mmfcoil .mod
X1 2 lp2 3 5 mmfcoil N=1
X2 19 15 1 10 mmfcoil N=10
X3 13 4 8 12 mmfcoil N=10
X4 15 16 9 11 mmfcoil N=10
. end
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Listing B.2: Generated spice netlist from Figure 4.20.
∗ 40 r9 P l a t i s e Flux Sensor on a Toroid Core with Modulator/Demodulator

. param Bs =0.361

. param Hm =70

. param l_dis =−0.0mm

. model DT d_dt( gain=1 out_o f f s e t=0 out_lower_limit=−1
+ out_upper_limit=1 l imit_range=1e−6)
A1 14 dm DT

. model seg26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length=6mm)
A1A (3 10) seg26g

. model segb26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length={6mm+l_dis })
A1B (3 9) segb26g
A2 (3 8) seg26g

. model MUL mult ( out_gain=1 out_o f f s e t=0)
A3 [ lm1 dm] vp MUL

. model r ing26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=6.2umm
+ length=52mm)
A4 (6 5) r ing26g
A5 [ 7 7 ] 14 MUL
C1 vpf 0 1nF
IP lp1 lp2 PULSE( 0mA 10mA 50us 25us 25us 100 us 250 us )
IS l s 1 7 PULSE(−5m 5m 0us 1 .99 us 1 .99 us 0 .01 us 4us )
R1 0 lp2 100Meg
R2 lp1 2 0 .001
R3 13 lm1 0 .1
R4 4 lm2 0 .1
R5 lm2 lm1 1Meg
R6 0 lm2 1Meg
R7 16 l s 1 0 .1
R8 19 l s 2 0 .1
R9 0 l s 2 1Meg
R10 7 l s 2 10
R11 vp vpf 10k
VC 6 0 0
VM 12 0 0
VSA 1 0 0
VSB 11 0 0

. i n c lude mmfcoil .mod
X1 2 lp2 3 5 mmfcoil N=1
XLM 13 4 8 12 mmfcoil N=10
XLSA 19 15 1 10 mmfcoil N=10
XLSB 15 16 9 11 mmfcoil N=10

∗ Spice Control D i r e c t i v e s from Sheet
. opt ions savecu r r en t s
. end
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Listing B.3: Generated spice netlist from Figure 5.2.
∗ Complete DC−CT Control Loop

. model XFER s_xfer ( i n_o f f s e t=0 gain=1 num_coeff=[23 0 ]
+ den_coef f =[0 .7 4623 7557143] in t_ic =[0 0 0 ] denormal ized_freq=1)
A1 7 lou t XFER

. model INTFILT in t ( i n_o f f s e t=0 gain=1 out_lower_limit=−10
+ out_upper_limit=10 l imit_range=1e−6 out_ic=0)
A2 sout i n t INTFILT

. model INTSUM summer( i n_o f f s e t =[0 0 ] in_gain=[377857 229 ]
+ out_gain=1 out_o f f s e t=0)
A3 [ i n t sout ] cout INTSUM

. model SLEW slew ( r i s e_s l ope =2.5 e9 f a l l_ s l o p e =2.5 e9 )
A4 cout out SLEW

IP vlp1 3 PULSE( 0mA 1A 50us 25us 25us 100ms 200ms )
R1 0 4 1Meg
R2 5 out 0

. i n c lude 40 r9 .mod
XTR1 vlp1 4 l c 5 lm1 lm2 2 l s 2 40 r9
VC l c 0 0
VP 3 4 0
VP1 7 0 PULSE( 0mA 1A 50us 25us 25us 100ms 200ms )

. i n c lude trimod .mod
X1 lm1 lm2 2 l s 2 sout 0 nu l l 0 dcp5v trimod

∗ Auto Generated Sources
Vdcp5v dcp5v 0 DC +5V

. end
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Listing B.4: Generated spice netlist from Figure 5.3.
. subckt 40 r9 lp1 lp2 l c 1 l c 2 lm1 lm2 l s 1 l s 2 Bs=0.361 Hm=70 l_dis=−0.0mm

. model seg26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length=6mm)
A1A (3 10) seg26g

. model segb26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=2.2umm
+ length={6mm+l_dis })
A1B (3 9) segb26g
A2 (3 8) seg26g

. model r ing26g core (H_array=[{Hm} ] B_array=[{Bs } ] area=6.2umm
+ length=52mm)

A4 (6 5) r ing26g
C1 l c 1 l c 2 0pF
R1 lp1 2 0 .0001
R2 lp2 7 0 .0001
R3 17 l c 1 23
R4 13 lm1 0 .1
R5 l c 1 l c 2 100Meg
R7 16 l s 1 0 .1
R8 19 l s 2 0 .1
R11 4 lm2 0 .1
VC 6 gnd 0
VM 12 gnd 0
VSA 1 gnd 0
VSB 11 gnd 0

. i n c lude mmfcoil .mod
XLC 17 l c 2 14 3 mmfcoil N=1000
XLM 13 4 8 12 mmfcoil N=10
XLSA 19 15 1 10 mmfcoil N=10
XLSB 15 16 9 11 mmfcoil N=10
XP 2 7 14 5 mmfcoil N=1

. ends
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Listing B.5: Generated spice netlist from Figure 5.4.
. subckt trimod lm1 lm2 l s 1 l s 2 aout r e f rok r e f r e f lm_dly=0us

. model DT d_dt( gain=1 out_o f f s e t=0 out_lower_limit=−1
+out_upper_limit=1 l imit_range=1e−6)
A1 14 dm DT

. model MUL mult ( out_gain=1 out_o f f s e t=0)
A3 [ lm1 dm] vp MUL
A5 [7 7 ] 14 MUL
C1 aout gnd 1nF
IS l s 1 2 PULSE(−5m 5m 0us 1 .99 us 1 .99 us 0 .01 us 4us )
IS1 gnd 7 PULSE(−5m 5m {lm_dly} 1 .99 us 1 .99 us 0 .01 us 4us )
R1 gnd 7 10
R5 lm2 lm1 1Meg
R6 gnd lm2 1Meg
R9 gnd l s 2 1Meg
R10 2 l s 2 10
R11 vp aout 10k

. ends
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