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Zovoyn

H dwmhopatikn epyacio amookomel oty KOTOVONON TOV TEYVOAOYIOV HETPNOELS PEVLOTOS, TOv Ppiokovv
EQOPUOYTY OF CLCTNUATH ETAYDYIKN HeTaPopds. [lpaypoatonoleital HeEAETN TOV TEYVOLOYIDY OVTOV KOOMG KOl TOV
GTOYEIOV OVTAV OV TA GLVOSEVOVV. AKOUN, TPOYLOTOTOLEITAL | KATACKELT TOVG GE EPYUCTNPLOKO TEPPAAAOV, ETL
MOTE VO, TOPEYETAL L0 TEKUIPIOUEV EMGTNUOVIKT ADGT, AopBAVOVTOS VITOYNV SNUAVTIKODS TaPAYOVTEG Y10 TNV 0pOn
Agrtovpyio TOV CLGTNUATOV QVTOV.

NepiAnn

Xmv mapovoa gpyacic defayetar pict Epguva OTIS TEYVOLOYiEG asbNTpoV pEdLATOC, TOV VIAPYOLV 1 KOl TOV
UTOPOVV VOl GYESLACTOVV GTO EPYACTNPLO Yol EWOIKEG EPAPLOYES, OTMG GTNV TEPIMTMOT LOG TNG EMUYDYIKNG LETAPOPAS
evépyelag. [lpaypatomoteiton pehétn Kot cHYKPLON OTIS TEYVOLOYIEG TV LETATPOTEMY OO AVOAOYIKO GE YNOLOKO Gl
(ADC) kot TV tervoroyIdV amopdvoong (galvanic isolation) mov Ppickovv epapuoyn ce Evo EKTVTOUEVO KOKAMULOL
nhakétog (PCB).

[Mapovc1alovtol GLVORTIKOL TIVOKEG LE TA YOUPAKTNPLOTIKE TOV TEYVOAOYIDY aVT®V, ToL Ppickovtal o€ £va OAAO
dedouévarv (data sheet) kon AapBavovtor vdyny kata v emhoyn tov otoryeiov. [paypoatonokiton pio tpocéyyion
HE TO GUVIVOGUO OVTAOV TOV TEYVOLOYIDOV DOTE VO UTOPEGOVLE VO TAPOVLE TO LEYIOTO SUVOTO OMOTELECLO OTO TNV
GLVOVAGTIKY AELTOVPYI TOVC.

[paypatomoteitor perétn yio Rogowski mnvio, omo tnv omoia mpoxdmtel n oyxedlacn kot 1 Kotookevn 600
Rogowski mnviov, tov Planar Rogowski Coil (PRC) xai tov Compine Rogowski Coil (CRC). Omov kot
Tapovclalovtat avaAVTIKA ot EEIGMGELS, TO KUKADULATO KL 0 TPOTOG KOTUGKEVTG TOVG.

Axopun oyedrdloviat Ta KukAodpata evog awcOntypa Magnetoresistive (CMS 3015), evog Shunt Resistor (FC4L)
awsOntipa pedpoatog kar evog Fluxgate (CaSR-15NP) aicOntipa peupatog, 6mov mapoustaloviol To KUKADULATO TOVG
nhve og o mhakéta (PCB). T v oxediaon tov kukkopdtov ypnoyonomdnke to Aoyicpko Altium Designer.
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Abstract

The thesis aims to present and explain the current measuring technologies, which find application in inductive
transfer systems. A study of these technologies was carried out, as well the factors that affect them. Also, their
construction took place in the laboratory, so as to provide a scientific solution, taking into consideration important
factors for the proper operation of these systems.

Summary

In the work presented, a research on current sensor technologies that already exist or that can be designed in the
laboratory for specific applications, was conducted. We carried out a research and a comparison of the technologies of
converters from analog to digital (ADC) and isolation technologies (galvanic isolation) that can be applied to a printed
circuit board (PCB).

A summary table with the features of these technologies was presented, which are in a data sheet and taken into
consideration during the selection of the elements. We approached the experiment by combining these technologies so
that we can get the maximum results from their combined operation

There is a study on the Rogowski coils, which follows the design and construction of two Rogowski coils, the
Planar Rogowski Coil (PRC) and Combine Rogowski Coil (CRC). The equations, the circuits and the method of
construction are presented.

In addition, the circuits of a Magnetoresistive sensor (CMS 3015), a Shunt Resistor (FC4L) current sensor and a
Fluxgate (CaSR-15NP) current sensor were designed, whose circuits are presented on a printed circuit board (PCB). For
the design of the circuit, the Altium Designer Software was used.
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1. Introduction

1.1. Inductive charging

The wireless charging is based on the principle of electromagnetic induction, where conductive
coils transfer power to each other wirelessly. It is a transmission form of energy by using
electromagnetic oscillators [1].

For the operation of this system is necessary to have a transmitter and a receiver, whose basic
function will be explained below. During the function, it does not need direct sight between
transmitter and receiver. The Wireless energy transfer is a safe transmission method due to the
short distance between of them.

Due to the fact that the wireless power transfer is based on electromagnetic fields, transmission
of electricity and transmission of information can be achieved. Nowadays, the applications of
wireless charging are at an advanced level.

1.2. History

However, the idea of wireless transfer energy is not new. Since 1890 Nikola Tesla had captured
the imagination of the world with the invention of the Tesla coil, which could transmit wireless
electricity. Thus, he constructed the famous tower of Wardenclyffe, 57 meters height, aimed at
energy wireless connection between America and Europe. With this thinking, he gave a huge
impetus to the development of wireless information transmission.

An overview of important milestones in efforts to transfer electric power wirelessly.

In 1821, it all started when the Danish physicist and chemist Hans Christian @rsted discovered
the phenomenon of electromagnetism.

In 1831, Michael Faraday discovered the principle of electromagnetic induction. This
breakthrough came when he found that upon passing a current through a coil a momentary
current was induced in another coil. This phenomenon is known as mutual induction.

In 1865, with the publication of the theory of the Electromagnetic field, James Clerk Maxwell
suggested that electric and magnetic fields travel through space as waves moving at the speed of
light. Maxwell proposed that light is an undulation in the same medium that is the cause of
electric and magnetic phenomena.

Between 1886 and 1889, Heinrich Rudolf Hertz conducted a series of experiments that the same
results as Maxwell theory about electromagnetic waves.

In 1888, Heinrich Herz bolstered the theory of Maxwell. Essentially this was the beginning of
wireless power transmission.



In 1893, Nikola Tesla experimented with early X-ray technology, arc lamps and other new
inventions. At the start of the 1900s, he built the famous Wardenclyffe Tower (1901-1917)
which ended ingloriously because of insufficient funding [2].

1.3.  Structure of wireless charging system

In Figure 1.1 the basic circuit operation of the wireless charging system which is intended for
this work is presented. The system is divided into a primary coil which is fed by the distribution
network and a secondary coil which is connected to the battery of the electric vehicle.

In the primary side, the power supplied from the distribution network and converted into a
certain DC voltage through an inverter AC/DC. Then the DC/AC inverts the direct current to
alternating current, which passes through the winding of the coil and generates a magnetic field
connected to the secondary coil.

The secondary coil induces an alternative voltage, which will be reversed through the AC/DC
converter to a direct current and will be corrected through the DC/DC converter to the desired
supply voltage for charging the batteries.

________________________________________

| |
| |
| |
AC i DC — ii H ac " oc
|
Grid L l H l L BATTERY
| |
|
DC |- AC DC 1 DC

| |
! |
|

_______________________________________

L
PRIMARY SECONDARY

Figure 1.1 Structure of wireless power charging

The energy flows from a coil to another through the air gap in a distance that determined based
standards. This function is based on the phenomenon of magnetic resonance, in which an object
oscillates [1] when it receives energy of certain frequency. In this system, the coordination of
electromagnetic radiation is exploited. Thus, there is a resonance system with highly efficient
energy, which is achieved when the system operates. The transportable current produces
magnetic and electric fields which extend up to a few meters around the device depending on the
frequency. This magnetic field induces an electrical current in the induction system of each
mobile device to the receiver coil with the same resonance frequency. Both circuits are
coordinated together and then transfer the energy.

The system operation can be set in bidirectional power flow. When the energy flow is transferred
from the primary to the secondary side, then the primary side operates as an inverter and the
secondary side as a rectifier. In the opposite case, the flow of energy is transferred from
secondary to the primary side, the secondary side operates as an inverter and the primary side as
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a rectifier. With the ability of bidirectional power flow through the transformer, the leakage
inductances store energy depending on the load requirement [3].

1.4.  Description of the circuit being studied

In the present thesis, an effort is made for the measurement and the record of flow energy from
one coil to another. For this reason, a sensor current in printed circuit board (PCB) has been
designed and constructed., that will be placed in the DC/AC converter as shown in Figure 1.2,
before the coils so that to recorded the alternating current.

DC —| I M AC

AC DC

Figure 1.2 Inductive power transfer

It is perceived that, due to the oscillators of the system, the frequency of the alternating current
will be high enough.

Due to this requirement and some further ones listed below, the study of all current sensor
technologies takes place in order to find the most appropriate one so as to fit more in the
particular application that will give the desired result.

The current sensor should provide good accuracy with low hysteresis, with fast responding to a
high bandwidth and should have the high efficiency with the least possible losses. This
combination is comprehensible that it cannot be provided equally well at all levels.

The intention in this work is to find a satisfactory and efficient combination of all these in a
current sensor which will eventually be placed in the system. Moreover, all the elements that
accompany a current sensor which is designed for a printed Circuit board (PCB) are studied, in
order to be placed on one power converter.



1.5. Structure of the thesis

Based on the operation structure that was shown in Figure 1.3, the thesis is developed with a
particular structure as shown below.

I(A)

Analog Analog Digital
Signal i Signal Signal mcu
& S(::.ghal, & ADC g or
Conditioning FPGA

Figure 1.3 Structure of the system that is studied

In Chapter 2 the technologies of current sensors are examined. The features found on a data sheet
are selected, as well as the way one can select each sensor based on the application. The
operating principle of each technology is described and the advantages and disadvantages of the
sensors are listed. Finally, a summary table with all the sensor technologies is presented.

In Chapter 3 examined the technologies of analog-digital converters (ADCs). Presented the
features found on a data sheet and how can one select the each converter, based the application.
Described the operating principle of each technology and referred the advantages and
disadvantages of the ADCs. Finally, presented a summary table with all the ADCs technologies

Chapter 4 focused on the isolation of analog and digital measurements. A reference is made to
the different isolation technologies and finally, a summary table with all the isolation
technologies is made.

In Chapter 5 reference is made to the basic topologies of operational amplifiers. Analyzed these
topologies and provided their equations.

In Chapter 6 summary of the technologies that were studied above was written and a
rapprochement with their prevalent combinations of these topologies was attempted.

In Chapter 7, these applications have applied the results of experimental measurements of the
circuit that designed and constructed in Altium design, whose construction is described in the
Annex, are applied.
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2. Technologies of Current Sensor

2.1. Introduction

The purpose of this section is to present the types of current sensors measurement technologies
in a power electronic circuit with components that are commercially available.

A current sensor is a device that senses electric current (AC, DC) in a cable or a wire, and
generates a signal. The produced signal could be an analog voltage or current or even digital
output [4]. All the methods of measuring do not satisfy all the applications, for this reason, there
are different sensor structures and methods to measure the current.

The input measurement current can be an alternating current or a direct current and the output
signal can be an analog output, which duplicates the wave shape of the sensed current, bipolar
output, which duplicates the wave shape of the sensed current, a unipolar output, which is
proportional to the average or RMS value of the sensed current, unipolar, with a unipolar output,
which duplicates the wave shape of the sensed current, digital output, which switches when the
sensed current exceeds a certain threshold [4].

2.1.1. Main Industrial Technologies

Nowadays, over fifteen different types of designs and technologies are available and used for
measuring electric current, depending on the application requirements, such as voltage and peak
current, accuracy, bandwidth, cost, etc. These technologies are divided into six basic categories

[5].
The main categories of current sensors are 1. Hall effect, 2. Current transformer, 3. Fluxgate

sensor, 4. Rogowski Coil, 5. Shunt resistors, 6. Magnetoresistive sensors, which they will
analyze in this chapter [6].

2.2.  Main Parameters

These provisions which are described are the most widespread current sensors technologies.
Depending on their operating mode, each sensor has its advantages and disadvantages compared
to other technologies. For the selection of the appropriate instrument for a particular application,
it is important to know the characteristics of the sensor about its performance and behavior
during the measurement. The most important features listed below, are also those which
determine the proper operation of sensors and this is mainly due to manufacturing reasons.

Compatibility in a sensor is the metric that describes whether the installation of the instrument
will affect the values of the parameters to be measured. Ideal in terms of compatibility is
considered an instrument that does not affect it at all.
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The accuracy of a sensor is defined as the difference between the institution reading and the
actual value of the measured magnitude. From the relation 2.1, we can calculate the maximum
error contained in the indication, expressed as a percentage of the instrument indication.
Practically all devices produce an error in their measurements and the challenge is for this error
to be as small as possible. The accuracy depends on some factors such as hysteresis, the
calibration, temperature etc.

sa(%)=(yf?y—'yt) 100% 2.1)

t

Ym: Measured value
y: actual value

Calibration is defined as the process through which standard values input applied to a measuring
system in order to the observation of the system output. Calibration essentially determines the
range of the instrument.

The hysteresis is defined as the difference between the output of the sensor for a given input
value x. This produces an error which affects the accuracy of the device (expressed in % of the
output range). Also as hysteresis express the maximum input delay and the maximum output
delay [7].

Saturation is the situation caused in a current sensor, when after a certain current input value
exceeded the operating limits, then the sensor has an incorrect response, resulting in not show the
correct value measurements.

The bandwidth of a sensor is defined by the maximum limits within which can be operated
reliably. Usually, it is the range of frequencies as minimum and maximum value for which
sinusoidal currents may be measured accurately 3dB of the specified sensitivity.

The sensitivity of a sensor is the minimum change in the input (x) of which is able to give a
change in output. When the instrument has linear behavior then sensitivity is constant throughout
the operating range.

Noise is caused during a measurement by external factors such as distance from a high frequency
source voltage. The operating base of each sensor determines how affects the accuracy and
granularity due to the noise.

Linearity is called the rate to which the graph of the output relative to the sensor input
approximates a straight line. A sensor can be linear for the range of value.

The resolution is defined as the minimum amount of change of the measured size of the sensor
which leads to a distinct change in output, expressed as a percentage of the range of the
measured size.

12



Ax
resolution (%) = — 100% (2.2)

T

If the input is increased from zero, there will be some minimal smallest value of which there will
be no distinct change in output. This minimum value determines the threshold of the instrument.

2.1. Hall-Effect

The Hall Effect current sensor based on the phenomenon of Hall which is caused by the Lorentz
forces. A thin semiconductor material plate leaking from the current | (Figure 2.1). The moving
electric loads of current, affected by an external magnetic flux B that generates a Lorentz force
perpendicular to the current direction. This results in the diversion of the current and the
generation of electrical loads at the ends of the plate, creating there a potential difference, which
is called voltage Hall V;, [8]. As long as no applied magnetic field in the semiconductor material,

the voltage across the element will be zero [9][10].

Figure 2.1 Hall Effect [9]

The Hall voltage is defined by the following relationship.

IBd
h=

2.3
— (2.3)
I: The current that passes through the plate
B: The intensity of the magnetic field- the width of the conductor
1/n q : Firmly Hall of conductive plate
A =t d : Where tis the thickness and d is the width. Rewrite the equation:
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Vy = — (2.4)

With sensors which make use of this phenomenon, it is possible to measure the current AC, DC
and induction [10] The two most commonly types of Hall transducer are the open loop and the
closed loop.

2.1.1. Open Loop

The open-loop sensor is the simplest application of the Hall Effect. The structure of the sensor
shown in Figure 2.2. A conductor which is flowing from current produces a magnetic field that is
concentrated in a magnetic core. In the magnetic core, there is a gap in which is placed the Hall
plate, in order to measure the density of magnetic flux created in the gap. The Hall plate is
powered by direct current I, from the electronically integrated circuit in the sensor. In the linear
area function of material, the magnetic flux density, B, is proportional to the primary current I
and the Hall voltage, V}, is proportional to the flux density [10].

The primary current is measured without electrical contact with the circuit providing galvanic
isolation. The Hall voltage is given by the equation 2.5 [8].

Vi,=kI, B (2.5)

In the linear area function of material, the magnetic flux density, B, is proportional to the primary
current Ir and the Hall voltage, V},, is proportional to the magnetic flux density B. This voltage is
the electrical signal output of the sensor [10].

Ic (Control Current)
s J

\ jid
4 . Vh & <
(Hall Voltage)

If (Primary Current)

7

f—

2l
=
B
&

-

Figure 2.2 Open Loop Hall Effect [8]

The output signal of the Hall device, V,, is then further amplified by additional internal signal
conditioning circuitry to provide an instantaneous output voltage proportional to the primary
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current [8]. The output signal is compensated to removed the offset and the effects of
temperature and enhanced if it is less than desirable. The output of a open loop sensor is
proportional to the measured current.

The open loop current sensors are suitable for measurements of AC and DC currents. These
sensors are used in applications which don't require high accuracy level. Over of the 100 kHz,
the inductive or capacitive sensor output begins to distort. Due to the fact that the open loop can
be interjected by an external magnetic field. It offers galvanic isolation and due of their simple
construction are small, lightweight and low cost. Also, it has low power consumption.

2.1.2. Closed Loop

The closed-loop sensors have a similar circuit with the open loop, the difference being that there
is an addition compensation circuitry winding on the magnetic core which increases the
performance of the operation. The field in which the plate is positioned in this provision. It
comprises two separate fields. A field created by the current measure as in open loop
configuration and an even field from the secondary winding core. The value of the Hall voltage
appearing at the sensor, processed by a controller which in turn produces a voltage at the
secondary winding. The voltage produced by the secondary winding to create a field equal and
opposite to that which existed [10]. The end result is a magnetic flux in the sensor core is
constantly controlled at zero [11]. In this way, the secondary current I is identical to the
current I, measured and normalized by the ratio of turns of the two windings. In sum, the
secondary current, lo, creates flow equal measure but opposite direction from the flux created by
the primary 1.

Is
(Secondary Current)

i e o
Secondary {* {Control Current)
Winding
lc
T Vh 9
(Hall Voltage)
If 105
(Primary Current) (Output Current)

Figure 2.3 Close Loop Hall Effect [8]

The amount of current required to balance zero flux is the measure of the primary current
flowing through the conductor in time, multiplied by the ratio of the primary conductor to
secondary windings.
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Placing a resistor measuring R,, in series with the secondary winding, created an output voltage
proportional to the measured current.

Vout = Rm Iy (2-7)

The closed loop sensors are suitable for AC and DC current measurements and offer galvanic
isolation. Their design provides a good accuracy and linearity due to the winding compensation.
Furthermore, the secondary winding will act as a current transformer at higher frequencies,
which significantly increases the bandwidth and reduce the response. Another advantage you
have is that it is suitable for noisy environments.

The main disadvantage of these sensors is the power consumption due to the resistor from the
power supply side of the secondary. They have a larger size than the open loop and are more
expensive to manufacture.
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2.2. Fluxgate Sensor

The Fluxgate current sensor design is described as a structure similar to the closed loop Hall
Effect, using the same magnetic circuit with the difference in construction that replaces the Hall
plate with a Probe coil (saturable inductor) comprising the secondary winding, as shown in
Figure 2.4 [8]. The detector is made of separate pieces of high saturated material.

Secondary coil
_(1000~3000tum) / Magnetic core

=

- :.-l: -
- / J
= // //’ é
- > /// =
— p
o
//\ - .’- .
— / L Controller

_ Primary currem(lf)-  Probe coil

Figure 2.4 Fluxgate Current Sensor [8]

As in operation of Hall Effect closed loop, so here the flow of the magnetic field in the gap
should be zero. Now, this work undertakes by the secondary winding located on Probe coil [12].

The current I of the primary conductor generates a magnetic field in the vacuum of magnetic
core, which is also detected by Probe coil. However, the Probe coil generates in the core of a
second magnetic flux too. The sum of these two magnetic flow produces an over-saturation of
the saturable inductor's core and its inductance drops. The design of saturated Probe coil
provides high saturation induction, the total flux close to zero and a low inductance below
saturation. Then we apply the function of closed loop where changes in the induction created by
the primary current are detected and compensated [12].

This sensor is suitable for measurements of AC and DC currents. It offers galvanic isolation,
high accuracy, linearity and sensitivity, wide range and fast response. Also, the operation of it is
not affected by external noises.

Sensors of this type are very expensive. They have great power consumption and the design is
complicated.
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2.3. Current Transformer

The principal of the operation of a current transformer is no different from that of an ordinary
transformer, except that the magnetic flux created by the current in a primary input [13]. A
current transformer (CTs) consists of a magnetic core and two inductive coils which are
magnetically linked. The first coil is called primary and second is called secondary. The two
inductive coils are galvanic isolated. When in a primary input connected an AC source then an
alternating flux created in the core. This magnetic field induces a proportional current in the
secondary winding [6]. Thus, according to a Faraday law of electromagnetic induction, a
mutually induced (M) electromotive forces (EMF) had produces between coils [14].

Figure 2.5 Current Transformer [14]

The magnetic field induces a proportional current in the secondary winding. A burden resistor
required to convert the current to a voltage signal for further processing in an ADC [6]. This is
not affected the function in low current applications but is often impractical for high current
applications. The resistor in the electronic circuit consumes a lot of power, unless the resistor is
very low in value, in which case there may be very little voltage to measure. The resistor could
be excessively large. The resistor’s heat may affect the resistor value, thereby reducing the
accuracy of the measurement [8].

In an ideal transformer, the induced secondary electromotive forces (EMF) is same as the
secondary voltage V;. The equation between the primary and secondary side, given by:

Lo 2.8)

V,: Primary Voltages

V,: Secondary Voltages

I,,: Pripary Currents

I;: Secondary Currents

Np,: Number of Primary Turns

N, Number of Secondary Turns
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With their function as CTs reduce high currents to a much lower value and provide a convenient
way of monitoring the actual electrical current flowing in an AC line [13]. The accuracy of CTs
depends on the mechanical tolerances of the setup, burden accuracy and temperature drift of the
magnetic core. The saturation level of the magnetic core limits the dynamic range of a CTs [6].

A current transformer measures AC currents. It features galvanically isolate and provide a
satisfying bandwidth. Due to the magnetic core, the sensors of this type is quite bulky in size.
They have core losses and resistance losses in the secondary circuit. In large currents observed
thermal drift.
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2.4. Rogowski Coil sensor

The Rogowski Coil is an electrical device used for measuring alternating current. The operation
of the Rogowski coil is based on Faraday law. The total electromotive force induced in a closed
circuit is proportional to the change of magnetic flux in time [15].

The structure of the Rogowski coil is similar with this of a CTs, with the difference that is
missing a magnetic core and the work becomes from the helical winding coil of N turns, on a
non-magnetic air core of constant cross-sectional area, as shown as in Figure 2.6 [16].

The uniformly wound coil on a nonmagnetic material of constant cross-sectional area is formed
into a closed loop. The winding wire is returned to the starting point along the central axis of the
former. The free end of the coil is normally inserted into a socket adjacent to the cable
connection in a way that allows it to be unplugged thus enabling the coil to be looped around the
conductor carrying the current to be measured [17].

Figure 2.6 Rogowski Coil current sensor [14]

An AC current I, flow in a conductor which passes within the Rogowski coil, develops a
magnetic field and the interaction of this magnetic field and the Rogowski coil local to the field
gives rise to an induced voltage within the coil which is proportional to the rate of change of the
current being measured. Provided that the coil constitutes a closed loop, the voltage induced in
the coil is proportional to the rate of change of current. It may be shown that the voltage E
induced in the coil is proportional to the rate of change of the encircled current I according to the
equation 2.9. Where M, the mutual inductance of the circuit and di/dt is proportional to the time
derivative of current flowing the conductor [18][19][20].

d;
=-M— 2.9
E Mdt (2.9)
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The mutual inductance M depends on the geometric parameters of the Rogowski coil.

=220 (0) (2.10)
l a

Uo: IS the permeability of air

N is the numberof turns of coils

[: is the width of the toroid in meters

a, b: is the inside and the outside diameter in meters respectively.

The Rogowski coils measure AC current. Due to the absence of a magnetic core, it offers
galvanic isolation. Large currents can be measured without saturation and remain in the linear
area of measurement. They present a wide range of power measurement and frequency. The
Rogowski coils have low manufacturing cost.

A disadvantage is the fact that the output signal has to pass through an integrated circuit to
increase the output signal, in order to observe the waveform of the current.
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2.5. Shunt Resistors

Another method is known as the shunt resistor. This technique is simple in operation, with the
current flows through a high precision resistor with a low resistance value [21]. The resistance
value depends solely on the magnitude of the current to be measured [22].

A shunt resistor can be designed into many ways. The basics operation is this which showing in
Figure 2.7. The two edges of the resistance are connected with a difference amplifier the which
will convert the signal to desired levels in order to be connected to the ADC specifying a shunt
resistor [21].

=l
T

Figure 2.7 Circuit of shunt resistor[3]

A current | flows through the shunt resistor which causes a voltage drop at the ends of shunt
resistor. Knowing the value of R shunt and measuring the voltage drop V shunt in R shunt with a
parallel electronic circuit, by the Law of Ohm's is now calculated the value of the current. The
bellowing equation applies to the measurement of voltage in the R shunt [23].

Vshunt
Imeas = ——— (2.11)
Rsense

The voltage drop in low-ohmic resistors is respectively small. For this reason, externals signals
can create error voltages and change the measured result. For this reason, it needs careful layout
design [24].

The shunt resistor current sensor can measure AC and DC current. The measurement range is not
for very high currents. Offers high measurement accuracy and a very good bandwidth. It has a
low manufacturing cost.

The main disadvantage of this topology is the design complexity. Due to the voltage drop in the
ends of the shunt resistor needs a circuit by amplification, which limits the accuracy and changes
the bandwidth [25].
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An added disadvantage is that it does not provide galvanic isolation. This problem can be solved
either by designing a galvanic isolation after an ADC [26], that offers inside galvanic isolation
and seems an ideal solution for the specific application.

High temperatures negatively influence the accuracy of the shunt resistor. The high temperatures
negatively influence the accuracy of the shunt and observed thermal drift [21]. Also is a noisy
topology which affected by external noises.
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2.6. Magnetoresistive Sensor

Magnetoresistance (MR) is the property of a conducting material to change the value of its
electrical resistance when an external magnetic field is applied to it [4]. This effect occurs in
ferromagnetic materials (nickel-iron), whose specific impedance changes similarly with the
direction of a magnetic field which applied on it [27].

Due to the high sensitivity and high accuracy that this sensor has, the MR sensor does not require
the use of an iron core for produce a magnetic field to the circuit but generated by the conductor
which flowing the current. The MR sensors don't suffer from hysteresis and have a high
bandwidth [27].

Depending on the material used, there are two types of magnetoresistive sensors:

Anisotropic magnetoresistance (AMR) sensors use ferromagnetic materials in which a magnetic
field influences the electrical resistance. The resistance variation is very small therefore,
Wheatstone bridges are often used to sense it [6].

Giant magnetoresistance (GMR) sensors rely on a significantly higher impact of the magnetic
field on the resistance of a structure built of alternating ferromagnetic and nonmagnetic layers.
The GMR sensors have more sensitivity than AMR, the production process is more complex and
expensive [6].

Compensation Primary

Conductor / f conductor
I—_ 1<omp
Fcomp //
/)

Magn Etl:rrES itive sensor
elements

COutput

Isolator (ceramic)

| primary | primary

Figure 2.8 Magnetoresistance [28]

This effect, found in ferromagnets, depends on the orientation of the magnetization with respect
to the electric current direction in the material [29].

A differential magnetic field must be measured, which is the field gradient created by two
currents with opposed flow directions. Four MR resistors are connected in a Wheatstone Bridge
to form a complete AMR sensor. The resistors are placed so that they represent a differential
field sensor. With this way decreases a temperature drift, the interference fields eliminated and
doubles the signal output. Applying an input signal, a magnetic field occurs which change the
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values of the resistors, generating an output signal proportional to the magnetic field strength.
The chip takes place on a ceramic substrate, combined with a processing circuit and a signal
conditioning [13][27].

The magnetoresistance sensors measure AC and DC currents. Feature inherently low hysteresis
and high linearity in the measurement accuracy. They have the extremely high bandwidth and
can to detect magnetic fields with frequencies in the MHz region. They have high sensitivity. It
provides galvanic isolation [30]. They are small in size and easy to design application. The cost
of it is satisfactory.

Their disadvantages are that they are sensitive to external noises. Also, a very strong magnetic
field may damage the sensor. The exhibit thermal drift and they have limited linear range [9].
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2.7. Comparison of Current Sensors

The sensors that are used usually not combine all the features at a satisfactory level. For
example, a sensor can offer high precision and sensitivity but it can be expensive. Table 1 shows
the comparison of these sensors on the main levels.

FLUXGATE SHUNT MAGNETORESITIVE ROGOWSKI CURRENT
HALL EFFECT
PR - SENSOR RESISTORS SENSOR COIL TRANSFORMER

Measurement Current AC/DC AC/DC AC/DC AC/DC

Core Yes/No Yes No No No Yes
Current Sensor Type Open Loop Close Loop Close loop - AMR GMR Close Loop

Accurasy Low Medium High High Medium High Medium Low
Bandwith 20kHz - 800kHz <1 MHz <1 MHz >2MHz >1MHz <1MHz
'S:‘t)l:):::‘:on and Hysteresis Yes Yes No No No Yes
Linearity Low Medium High Medium High Low
Isolation Galvanic Galvanic - Galvanic Galvanic Galvanic
Current Range Medium Medium Low Medium/High High Medium
Thermal Drift Yes Yes Yes Yes No Yes
Loss Medium Medium High Medium Low High
Size Small Small Small Small Normal Big
Cost Cheap Normal Expensive Cheap Normal Cheap Normal

Table 1 Comparison of Current Sensors

Most sensors have the ability to measure AC and DC currents. Unlike the Rogowski Coil sensors
and Current transformer which due to their particularity, they measure only AC.

The sensors are separated in sensors with magnetic core and sensors without a core.

The sensors with the core as shown in Table 1, to the continuous high current operation, the core
begins to saturation and hysteresis resulting in deviations from the actual measured value.

Even at high current flow, the magnetic core begins to heat with a resulting thermal drift leading
to large losses in the core. Even at high current flow, the magnetic core begins to heat with a
resulting thermal drift which leading to large losses in the core. The sensors without magnetic
cores do not present the disadvantages of sensors with core except in some cases where there is
thermal drift, which has to do with the sensor material.

Another separation of the sensors has to do with whether they are an open or closed loop.
Generally, the closed loop sensors have better accuracy due to the compensation winding which
does not allow the circuit is affected by external factors such noise and unwanted signals,
resulting in better precision in measurement. In contrast to the other sensors that some of them
are open loop, can interfere with external magnetic fields and distort the measured current flow,
resulting error in a measurement.
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In all sensors except the Shunt resistor, the measurement of currents is done by the method of
induction currents so offers galvanic isolation.

In the most sensors, the bandwidth is limited up 1 MHZ, which price is satisfactory for
measurement of currents. The magnetoresistive sensors appear bigger bandwidth from the
manufacture them than the rest except the Rogowski coil which can be designed in a high
bandwidth, depending on requirements.

The size of the sensors depends mostly on the material being manufactured. For this reason, the
Shunt resistor has a smaller size compared with the others. The sensor with the largest bulk is the
current transformer. In most sensors as a Rogowski coil, Fluxgate sensor and Hall effect, the size
of the sensor is independent of the current to be measured, because the modification has to do
with the electronic circuit that accompanying it and not on the size of the sensor. In the case of
the Rogowski Coil, currents from a few mA up to currents of kA can be measured equally well
with the same circuit with minimum heat loss.

The cost of the sensors depends on the application intended. But in general terms, the Fluxgate is
the most expensive by far than the others and this is reasonable considering the circuit which it
offers.
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3. Sampled Data Systems

In a data collection system, a signal input from a source is needed and the convert of it into a
digital signal so that signal can be processed. Usually, the analog signals as we saw in the
previous chapter are derived from sensors that perceive the real sizes and convert them into
electrical signals. With the help of a converter, the signals are digitized [31].

The steps followed for an analog signal to digital conversion system are as follows:
* Analog Multiplexer and Signal Conditioning

» Sample/Hold Amplifier

* Analog-to-Digital Converter

* Timing or Sequence Logic

3.1. Analog to Digital Converters

The Analog to Digital Converter (ADCSs) is a system that converts an analog voltage or current
to digital output signal binary numbers form of n-bits, does the conversion periodically, sampling
the input for the further signal processing [32].This number is a binary fraction which represents
the ratio between the unknown input voltage and full-scale converter Vig = k Vggr, Where Vigp
is the reference voltage with which the ADCs operates and the k determines the gain voltage of
the converter and is usually equal to the unit. The equation governing the input voltage with the
output binary code given [33] by:

VREF(blz_l + b22_2 + -+ bNZ_N) = Vin i I/x (31)
Where
1 1
=5 Vise <V < 5 Viss (3.2

As VLSB defined the difference in voltage when the binary code change by one LSB (Least
Significant Bit) or else less significant digit:

VREF

Viss = v (3.3)

From the above equation, we conclude that a variety of input values produce the same digital
output word. This is the representation of the analog value by a finite number of bits and it is
called a quantization error [33].
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Figure 3.1 Basic operation of an ADCs

A complete analog-to-digital conversion system includes three main stages as shown in Figure
3.1. First, the analog signal must be discrete in time, this process is called sampling and is
controlled by the clock signal [34]. Then becomes the quantization where the analog signal
quantized in the final stage of the conversion is the encoding of the signal at the output of the
ADCs converter which gives a binary coded representation of the quantized signal

3.2.  Sampling Rate System

To produce a digital signal from an analog input signal, should the analog signal to be processed.
The first step of the signal processing is the sampling, as shown in figure 3.1. The analog signal
is converted into a plurality of discrete values, between the given limits of the total change. The
process of a real-time sampling system is shown in Figure 3.2. This signal takes a sampled at
time T, which called the sampling period and the each value, represented by black dots in figure
3.2. In all architectures, high-speed converters, in the input is sampled once per clock period. In
this way, the clock frequency corresponding to the sampling frequency [34].

VA

Figure 3.2 Sampling and quantization levels of digital signal
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This process causes changes in the spectrum of the original signal and is called sampling. To
allow retrieval of the original signal from its samples, according to the Nyquist sampling
theorem, the sampling frequency must be at least twice the maximum frequency of the signal. To
be the precise conversion of the analog signal should not change the duration of the
measurement. However, most natural signals varied in time with a rhythm. The percentage
change is likely to cause the wrong measurement, for this reason, must bear one sampling step
and retention (Hold), thus its output gives the instantaneous value of the analog output [35].

3.3.  Quantization

The most important component in an ADC converter is that their input is analog and the signal
output is in digital form, therefore the signal outputted from the converter quantized.
Quantization is the process of approximation of an analog sample with a finite number of bits.
With the quantization limited the range to a set of a finite number of M values. The clarity of the
signal depends on the number 2V where n number of bits [33]. A digital N bit size may have
only 2N possible states. As a result, an N-bit converter can only have 2*N possible digital
outputs. This fact of the restriction of values which can be produced by an ADCs converter
called resolution. The resolution of ADCs converters can be expressed as the Least Significant
Bit - LSB, in parts per million Full-Scale - ppm FS and in millivolt (mV). Figure 3.3 shows an
example of quantization with ideal transfer characteristics in a monopolar converter size 3 bit.
Therefore, the transfer characteristic comprises from 23= 8 horizontal steps. When considering
the displacement of the gain and the linearity of the [36].

A —f o
L
A
110 -
[
A
DIGITAL 101 .o
OUTPUT b ;
(STRAIGHT 100 ---coooorooooomoooos g :
BINARY) A:’ P 1 LsBie
011 —

o10—

o001 |—’,-—

000

o 1/8 1/4 3/8 1/2 5/8 314 Tia FS
ANALOG INPUT

Figure 3.3 Quantization an analog signal [36]

Figure 3.3 shows the quantization process, wherein the quantization step (g) converts the
amplitude of the input signal to a binary number. Thus the signal divided into intervals which
called steps width LSB, which is the numeral bits corresponding to a quantization level, between
two reference voltages. The accuracy of conversion depends on the number of quantization
levels. This number determines the number of output bits. The output voltage of the circuit
approaches the nearest quantization level as shown in Figure 3.3. Therefore, the quantized signal

30



iIs an approximation of the original signal [34]. The quality of the approximation can be
improved by reducing the size of the steps, and thus increasing the number of fixed stations. The
difference shows the output of the quantizer from the original signal can be considered noise in
the quantization process is called quantization noise [37].

And the RMS value of this error is given by the equation:

T T

1z 1 (2 t\?2 Visp
T T

T -z T -7 T V12

Where from the equation 3.4, shows the dependence of the number of bits of the converter. Also,
we observe that the noise power is reduced by 6 db for each additional bit in the ADC [33]. The
signal to noise ratio (SNR), which measures the noise level, can be calculated from the follow
equation, where n is the number of bits used on the ADC:

The noise level can be calculated from the ratio of signal to noise, from the following equation.
Where n is the number of bits.

SNR = 6,02n + 1,76dB (3.5)

The higher the SNR, the better. For example, an 8-bit ADCs provides a SNR of 49.9 dB, while a
16-bit SNR provides a SNR of 98 dB [38].

3.4. Encoding

In the final stage of the conversion is the encoding of the signal, which follows the quantization
of analog signal, on the output of the ADCs. The encoding gives a binary representation of the
quantized signal. So with sample width of 8 digits, the signal may have 256 different levels.
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3.5.  Main parameters of ADCs

This section lists the most important parameters that determine the proper operation of an ADCs
and are mainly due to manufacturing reasons.

Resolution: Defined as the number of discrete analog voltage levels corresponding to different
digital words. Consequently, a converter with N-bit resolution can recognize 2N different analog
levels. The analysis should not be confused with the precision of the converter. It refers only to
the number of bits which has available [32]. To have more accuracy in the analog signal, the
resolution must be an increase. An ADC with higher resolution reduces the quantization error
[39].

Offset error (E,g) is the error due to the superposition of a DC voltage in the input voltage of the
ADC.

Vi 1
0.01 _ - gp (3.6)

E =
off VLSB 2

Full-Scale Error: In an ADC it is observed that it reaches gets the maximum digital value
although the analog input has not got the maximum value. This error is called Full-Scale Error is
expressed in LSB.

Gain error (Eg,ipn) is the deviation of the slope of the transfer function from that of the
corresponding ideal ADC.

Vl...l _ V0...01

VLSB VLSB

Egan = )-@N-2) (37)

Integral non-linearity (INL): Defined as the maximum conversion error, after deduction of the
Gain and Offset Error. In ADC represents the deviation of the transition points of the code from
their ideal positions.

out Integral nonlinearity error (best-fit)
A

/y “ Integral nonlinearity error (endpoint)
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Figure 3.4 Integral non-linearity error [40]
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Differential non-linearity (DNL): When the binary input is altered 1 bit, then the output voltage
will be changed by 1 LSB. The DNL is the maximum difference between of any step of the
inverter output and the ideal step size of 1 LSB. For the ADCs is the maximum fault that can be
observed from level to level [40].

The sample rate is determined in samples per second (sps). Sample rate is the rate at which an
ADC gets samples from the analog input. For few ADCs that achieve one sample per conversion,
the sampling rate is stated to as the throughput rate [39].

The Dynamic Range is defined as the ratio of the RMS value of a sine to the RMS value of
quantization noise plus distortion. Usually expressed in dB [39]. For the ideal converter dynamic
range [33] is:

Vinrms) — 2010g <VREF/(2\/§)

REFPLZ 722 ) 0 = 6.02bits + 1,76db (3.8)
VREF/\/ﬁ >

Varms)

Effective Number of Bits (ENOB) identifies the dynamic performance of an ADC at a particular
input frequency and sampling rate. An ideal ADCs error consists exclusively of quantization
noise. For a full-scale sinusoidal input, waveform is calculated from the following [39] equation:

SINAD — 1,76
ENOB=——F—"— 3.9
0 6,02 (39)

Accuracy or else maximum integral nonlinearity error, usually expressed as a percentage error of
the full scale, as the number of active bits (ENOB) or as a fraction of an LSB. Divided into
absolute and relative. As absolute accuracy is defined, the difference between the ideal and the
actual response. Includes offset, gain and linearity errors. As relative accuracy defined the
accuracy, which having removed the offset and gain errors. Accuracy greater than the
Resolution, it shows that the characteristic of the inverter is very accurate [32].

Signal to Noise And Distortion (SINAD) is the ratio of the RMS value of the sinewave in the
input, to the RMS value of the converter noise plus distortion (without the sinewave). RMS noise
plus distortion includes all spectral components up to the Nyquist frequency, excluding the
fundamental and the DC offset. SINAD is typically expressed in dB [39].
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3.6. Architectures of Converters

In this section, a description of the operation of the most popular topologies of ADC is
attempted.

3.6.1. Flash ADC

The Flash ADC or Parallel ADC is the simplest circuit to understand the operation of an ADC.
This ADC consists of a series of high-speed comparators, each one comparing the analog input
signal to a reference voltage. For an N-bit ADC converter, the circuit uses 2V-1 comparators.
The reference voltage (Vref) is a constant voltage provided by a voltage regulator. The reference
voltage provided to comparators from a divisor with 2V resistors. When the analog input exceeds
the reference voltage of each one comparator, then the comparators output produces 1, in the
otherwise, the comparator output will be 0. The following figure shows a Flash ADC circuit [41]
[42].
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Figure 3.5 Flash ADCs [41]

The encoder circuit connects to the comparator outputs, which produces a binary output.

The Flash converter, apart from the simple construction and the effectiveness with regards to
speed, also has a major disadvantage, which is the restriction to the comparator and the gate
delay. For example, a four-bit version would require 2* — 1 = 15 comparators. With each
additional output bit, the number of required comparators doubles. Taking mind that 8 bits are
considered the minimum for each ADC (255 comparators) [41]. Due to this disadvantage, the
inverter has developed into Flash converter two steps, which reduces the number of comparisons
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with quantization of an input in two stages. The activated reduction factor in the number of
comparisons in compared to the Flash ADC is exponentially proportional to the resolution of the
converter. This shows, as much as higher is the resolution so the more area efficient it becomes
to use this topology [43].

The advantage of this converter is that it is the fastest ADCs to convert the signal for high
bandwidth applications. The main disadvantage of their converter is that it needs many parts
(255 comparators for 8-bit ADCs) resulting in consuming a lot of power, it has a relatively low
resolution and can be quite expensive.

3.6.2. Pipeline ADC

The basic function of Pipeline ADC is similar to the Two-Step Flash. Each stage of quantization
Nj -bits, j = 1, 2, ..., K (NJ <N), generate an amplified residue for further quantization which
performed by subsequent stages. This converter has the advantage that during the quantization of
the first stage does not need to come to an end so that it can be quantized next stage, this applies
to all other stages except the first stage. This means that when the ADC starts its operation then
all stages are processing data. In this way, the performance of Pipeline ADC is close to Flash
ADC [43].

The pipeline ADC can be designed in many different ways, it depends on the number of bits per
stage, the number of stages, number of correction bits and the timing. In Figure 3.4 we see one of
the most popular designs, a track-hold (T/H) circuit, an n-bits ADC and a digital to analog
converter (DAC) n-bits, which do the reverse process of the ADC.

Initially, the input signal quantized is n-bit ADC the result of which is converted to analog by the
N-DAC bit and is subtracted from the original input voltage. The result of the subtraction moves
to the next stage where the same procedure [44].

The track-and-hold which is shown in figure 3.4, plays the role of an analog delay line, which is
configured to enter hold mode when the conversion of the first stage is complete [45].

The pipeline ADCs is fast and satisfying applications requiring high bandwidth. Disadvantages
of this converter are the low resolution, the Larger cycle latency [44], and several high energy
consumptions.
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3.6.3. Delta-Sigma ADC

Another technology in the field of ADC is the delta sigma. The delta sigma operates as a
converter voltage-frequency, by performing quantization of the analog input signal. The delta
sigma provides at its output a pulse train of 1 and O with a period t = 1/f;, where f, is the
oversampling frequency [46].

The input of ADC is fed from an analog voltage, which is linked to an integrator, so bring the
signal into the desired form. this voltage is compared with the ground potential (0 Volt) with
help of a comparator. The comparator is essentially an ADC 1-bit producing 1 bit to output (0 or
1), depending on whether the output of the integrator is negative or positive. The output
comparator Q of a flip-flop is clocked at high frequency and returns back to the integrator to
drive the integrator towards zero volt output. The circuit as shown as in the figure below [47].
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Figure 3.6 Basic circuit of Delta Sigma ADC [47]

As shown in Figure 6, the input voltage Vin is connected to an op-amp which is the integrator
circuit, wherein the output signal feeds comparator. The output signal of the comparator (1-bit) is
driving to the input D of the flip-flop, which latched in each pulses clock C, sending either 0 or 1
signal to comparator who is located after the Q output of Flip Flop. This comparison is necessary
to convert the unipolar output voltage 0V / 5V to a voltage signal + V / -V to return to the
integrator. In summary, the first comparator detects a difference between the integrator output
and zero voltage. The integrator sums the comparator’s output with the analog input signal [47].

This converter is mainly used in applications that do not need high speed but required high
accuracy and resolution. Due to the oversampling, this converter is one of the slower converters
and has high latency. It has low power consumption and is a good solution for low-cost
applications.
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3.6.4. Dual Slope (Integrating) ADC

An integrating ADC for converting the input voltage to digital, use an op-amp circuit that called
an integrator, which generates a sawtooth waveform and is compared to a known reference
voltage of opposite polarity wherein applied to the integrator. This is performed until the
integrator to return zero at the output. The input voltage is a function of the reference voltage and
the measured sawtooth waveform time period. The measurement of run-down time is made by a
digital counter clocked with a square wave. This allows longer integration times that give higher
resolutions [48] [49]. In Figure 3.7 a basic block diagram is shown.
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Figure 3.7 Dual Slope (integrating) ADC [49]

Firstly, a voltage input (unknown voltage) is applied to an integrator. Then a voltage reference
Vref of opposite polarity is applied to the same integrator so as to perform the comparison
between the two voltages. The reference voltage is applied to an IGBT capacitor-discharging
transistor scheme, which is essentially a latching circuit clocked by the clock signal.

When the voltage input is bigger than the output of the comparator then the integrator charges
the capacitor C, while the counter counts at a rate to be determined by the clock frequency.
When the capacitor charged up to a voltage level equal to the input voltage V;,, then the output
of the comparator goes high, loading the country's output into the shift register for a final output.

When the value of the integrator output voltage drops to zero, then the output of the comparator
returns to a low state, clearing the counter and enables the integrator to ramp up the voltage
again. When the integrator output voltage falls to zero, the comparator output switches back to a
low state, clearing the counter and enabling the integrator to ramp up voltage again as indicated
by the [49].

The Dual Slope converter can achieve high resolution but to do so at the expense of speed [48].
Also, it integrates the input voltage resulting in less noise. It has low latency and low power
consumption.
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3.6.5. Successive Approximation Register (SAR) ADC

One method of addressing the digital ramp ADCs shortcomings is the so-called successive-
approximation ADC. The only change in this design is a very special counter circuit known as a
successive-approximation register. Instead of counting up in a binary sequence, this register
counts by trying all values of bits starting with the most significant bit and finishing with the
least-significant bit. Throughout the counting process, the register monitors the comparator’s
output to see if the binary count is less than or greater than the analog signal input, adjusting the
bit values accordingly. The way the register counts is identical to the “trial-and-fit” method of
decimal-to-binary conversion, whereby different values of bits are tried from MSB to LSB to get
a binary number that equals the original decimal number. The advantage to this counting strategy
is much faster results: the DAC output converges on the analog signal input in much larger steps
than with the 0-to-full count sequence of a regular counter.

Without showing the inner workings of the successive-approximation register (SAR), the circuit
looks like this:
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Figure 3.8 Successive Approximation Register (SAR) [47]

It should be noted that the SAR is generally capable of outputting the binary number in serial
(one bit at a time) format, thus eliminating the need for a shift register. Plotted over time, the
operation of a successive-approximation ADC looks like this [47].

The SAR converter is for applications that required good resolution and high accuracy in a
satisfying speed. It features by zero cycle latency and low latency time. Provides low power
consumption and it has an economic price.

38



3.7. Comparison of ADCs Architectures

Like the current sensor, the ADCs applies also cannot combine all features a satisfactory level.
Table 2 shows the comparison of the ADC converters on the main levels.

FLUXGATE SHUNT MAGNETORESITIVE | ROGOWSKI CURRENT
DeElsEisns HACCERFECTE SENSOR | RESISTORS SENSOR coiL TRANSFORMER

Measurement Current AC/DC AC/DC AC/DC AC/DC

Core Yes/No Yes No No No Yes
Current Sensor Type OpenLoop  Close Loop Close loop - AMR GMR Close Loop

Accurasy Low Medium High High Medium High Medium Low
Bandwith 20kHz - 800kHz <1 MHz <1 MHz >2MHz >1MHz <1MHz
ifszlr:rtrilon e RYBEBESTE Yes Yes No No No Yes
Linearity Low Medium High Medium High Low
Isolation Galvanic Galvanic - Galvanic Galvanic Galvanic
Current Range Medium Medium Low Medium/High High Medium
Thermal Drift Yes Yes Yes Yes No Yes
Loss Medium Medium High Medium Low High
Size Small Small Small Small Normal Big
Cost Cheap Normal Expensive Cheap Normal Cheap Normal

Table 2 Comparison of ADCs architectures

The architectures can be compared and someone to choose the appropriate one, depending on the
application specification to be used.

The Delta Sigma, Integrating Dual Slope ADCs are suitable for high accuracy applications, but
with moderate speeds. In contrast to Flash, which provides high speed up to 1 GMps to a
satisfactory resolution up to 16 bit but with low accuracy.

The latency has to do with the modifications made to each converter. For this reason, as we see
the SAR and Integrating Dual Slope ADCs feature a low latency, because to they are not needed
so many conversions such as the Delta Sigma and Pipeline which presenting high latency of the
input signal to output.

The Flash and Pipeline ADCs are offered for input signals with high bandwidth bigger than
1MHz in contrast to the rest which they have limited bandwidth in the input.

A factor in choosing the converter is the consumption. The consumption an inverter depends on
several factors, such as speed, the internal conversion of signal and various components that
accompany it. With these features, we find the Flash ADC. It has been inevitable to has not a
high consumption with both high speeds.

The cost of converters differs.The SAR and Delta Sigma ADCs offers an economical solution for
simpler applications. The FLASH and Pipeline ADCs for the most demanding applications are
significantly more expensive.

39



4. Isolation Technologies

Often the measurement systems affected by external unwanted signals, such as voltage, current,
temperature, flow measurements etc. as resulting in harming measurement systems and
destroying measurement accuracy. To overcome these problems, the electronic measurement
systems make use of electrical isolation. The use of electrical isolation as known galvanic
isolation provides reliable measurements in adverse conditions [50].

In the galvanic isolation, there is not a direct electrical connection between the circuits. Its
purpose is to separate electrical circuits and to limit the transient overvoltages. The galvanic
isolation prevents any DC path [51] and non-acceptable stream flow [52].
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Figure 4.1 Isolation

In galvanic isolation offers separation of electrical circuits to eliminate unwanted signals on the
PCB, which can be exposed to external factors. Provide protection for expensive equipment, to
the data from transient voltages, to the elimination of group loop noise, confinement of electrical
noise, increased common-mode voltage rejection, fault tolerance, ground potential differences to
the user [50][53]. The desirable signals can pass between galvanically isolated circuits, contrary
to stray currents or inductive currents which are blocked [54].

Considering the point of application which is required to make the isolation, the technics of the
isolation differ. There are two forms of signal isolation, which are separated in analog isolation
when the signal is still analog and the digital isolation when the signal is received processed
from the ADC and it is in a digital form.

The galvanic isolation allows in the isolation circuits to communicate magnetic through a
transformer, with light through an optoisolator [55] and with differential voltage through a
capacitor [56].
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4.1. Isolation Architectures

The main topologies of the isolation in a system are the inductive isolation, which exploits
magnetic fields, the optocoupler which provides isolation by using light, a form of
electromagnetic radiation and the capacitive isolation exploiting electric fields [57].

4.1.1. Optical Isolation

The optical isolators are based on the transmission of the signal using light by a LED and a
photo-diode. The operation of it is based on a voltage applied across the LED and this in the
continue produces a signal in the form of light. The signal is transmitted across the area of
isolation and the photodiode receives light and converts it to its original form. There are also
several other insulation techniques based on optical isolation which has different performances.
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Figure 4.2 Optical Isolation

The optical isolation is one the most frequently used method, by providing a number of benefits
in the isolation, such as shielding from electrical and magnetic noise, due that the signal transfer
by light. Also, due to the existence of the LED and the photodiode, the technique becomes
slower and the signal transmission is reduced, also results in high consumption and wear of
components [50].
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4.1.2. Capacitive Isolators

The isolation of the capacitor is less frequent isolation methods because this method is less
robust than the other methods [56]. The capacitive isolation is based on an electric field that
changes depending on the charge level to a coupling capacitor. This change is detected along an
isolation barrier and is proportional to the level of transmission signal [50].

2

Figure 4.3 Capacitive Isolation

Like all methods, this method also has some advantages and disadvantages. The main advantage
is that it is not affected by magnetic fields because of the signal transfer by use of an electric
field. Due to the simplicity of the process makes a fast signal transfer technique. The
disadvantage of this method is that it is prone to interference from external magnetic electric
fields. In strong electric fields, there is the possibility of a change of signal [50].
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4.1.3. Inductive Isolation

The inductive isolation exploiting the magnetic fields [57] created by the current flow in a coil
induced in a second coil which located in a short distance. The induction is dependent on the
current in the first coil. Essentially, the function described as the operating principle transformer
[58]. This principle is called mutual induction and is the basis of the inductive isolation [50].
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Figure 4.4 Inductive Coupling

In the inductive isolation, the two windings separated by an insulating layer that prevents any
physical signal transmission. The signal is transmitted inductively due to the current changes
flowing in the primary winding to the secondary winding causing the same current value (for
conversion 1:1) along the insulating barrier. This technique provides high-speed transmission
similar to the capacitive technique. The disadvantage of the inductance isolating is that the data
transmission is performed using magnetic fields, so it is simultaneously susceptible to
interference from the external magnetic field [50].

4.2. Separation of materials in a board

The galvanic isolation has the aim to isolate the power circuit and the isolation of signals.

The isolation of the circuit power supply is the most important part of the circuit operation,
because the isolation in the input, isolates the two electrical provisions so that the none of
electric route between them (infinite resistance) and bans the electromagnetic interferences in the
circuit which are transferred from the mains or from some other source of power, protecting the
circuit from external interference and increasing safety of the users of electronic device.

The components have the property of emitting electromagnetic signals. The fast transfers
situations of the powers devices in combination with the parasitic devices generate
electromagnetic noise, resulting in a bad designing to be affected the circuit. By isolating the
circuit signals is achieved minimizing parasitics signals, which will lead in reducing losses and
electromagnetic noise [59].

So it is easily perceived that it should take a number of improvements in the designing of the
circuit of power electronics to reduced as much possible the electromagnetics interferences. As
indicated in [57], to achieve a good isolation some designing standard should be followed.
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4.3. Comparison of Isolation Technologies

The isolation techniques have significant differences between them. In the table 3 gathered the
main differences and they are presented in detail.

Details/ Technologies Optical Isolation Capacitive Isolation Inductive Isolation

Signal Light Differential VVoltage Magnetic Flux
Speed switching Low High High
Immunity High Medium Low
Power dissipation Medium Good High
Power consumption High Medium Medium
Longevity Low High High

Table 3 Comparison of isolation technologies

What is observed in the above table is the difference in the signal transmission in each technique.
In the case of optical isolation, the signal transferred by light, in the capacitive isolation with
differential voltage and the inductive couplers with magnetic flux.

Both the optical isolation, because of the signal conversion process in light and the reverse
process become slower. This technique during the transfer of data with light is armored from
electrical and magnetic noise in comparison to the other two technologies which affected by
external magnetic and electric fields.

The inductive isolation has the ability to transfer large energy flow. For this reason, the
application is mainly in transformers.

The optical isolation, due to its complexity, has a higher energy consumption and damage to the
components. The capacitive isolation and Inductive isolation, because of their simplicity of the
construction are quite fast, without large consumption during the transfer of signals and with
longer life.
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5. Operation Amplifiers

The operation amplifier is a prefabricated monolithic circuit of small dimensions which behaves
as a voltage amplifier, combined with other external components forming voltage amplifier,
active filters etc. The operation amplifier has two inputs and one output. In the input supplied
with Up and Uy, such in the Figure 5.1. The Uy called inversion input and the U, called non-
inverting input [60][61].
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Figure 5.1 Operation Amplifier

The input voltage in the operation amplifier Uy, is the difference:

Uin = Up — Uy (5.1)
The output voltage U,,; is:

Uout = A Uin (5.2)

Where A is the gain voltage of the operation amplifier.

An ideal operational amplifier has infinite voltage amplification, infinite input impedance, zero
output impedance and a frequency range from 0 to infinity. In fact, these values are finite. The
amplification is regulated by negative feedback which is provided with the appropriate
connection between of resistors from the output to the inverting input.

This section will deal with the design and analysis of analog circuits, which contain the
operational amplifier as a structural element. Therefore, it will be presented the function of the
operational amplifier with useful models of operation.

45



5.1. Inverting Amplifier

R2

O Uout

Figure 5.2 Inverting Amplifier

When connecting the voltage amplifier by inverting phase as shown in Figure 5.2, the input
signal driven through the resistor R1 to the inverting input. A part of the output signal is driven
by negative feedback through the R2 also to the inverting input. The non-inverting input
connected to voltage 0. The voltage amplification (V,,;) of amplifier is calculated by the
following equation.

R2
Vout = _H Vin (5.3)
5.2.  Non-Inverting Amplifier
R1 R2

|

—L——0O Uout

J +
Uin

Figure 5.3 Non-Inverting Amplifier

When connecting the voltage amplifier without inverting phase as shown in Figure 5.3, the input
signal driven into the non-inverting input. A part of the output signal is driven by negative
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feedback through the voltage divider R2-R1 to the inverting input. The voltage amplification
(V) Of amplifier is calculated by the following equation.

R1 + R2

Vour = T Vin

(5.4)

5.3.  Inverting Summing Amplifier
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Figure 5.4 Inverting Summing Amplifier

The operational amplifier can be used in circuits summation voltages. As shown in Figure 5.4,
the voltages V1, V2 and V3 summed, the value of the summed voltage depends on the resistances
of R1, R2 and R3.

The voltages V1 to V3 create a current through the resistors R1 to R3. These currents are summed
in the node of inverting input and then leaking through the R4, contributing to each one to the
output voltage. The final output voltage can be calculated by summing up the individual output
voltages arising by each input of the operational amplifier.

_ Vi Vo V3
Vour = —R4 (ﬁ + o R—3) (5.5)
R5 =R1/ R2 J R3 J R4 (5.6)
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5.4. Difference Amplifier
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Figure 5.5 Difference Amplifier [61]

The operational amplifier can be used in circuits to remove voltages. As shown in the circuit in
Figure 5.5, in the input applied the voltages V1 and V2 which through the resistors R1 and R3
creates a current. These currents are removed in the input of the operational amplifier and then a
current flows through the R2, contributing to the output voltage. The value of voltage (V) of
difference amplifier calculated by following equation.

_ (R1+R2)R4V RZV (5.7)
out “\R3+R4/R1 > R1 1! '
Where
R1 = R3 and R2 = R4 (5.8)
R2
Vout = H(VZ—Vl) (59)
R1/R2 = R3 J R4 (5.10)
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6. Combinations of Technologies

In this section, an approach for how we can combine the current sensors which were analyzed in
Chapter 2 with the ADCs by Chapter 3 will be attempted. The criteria laid will be considered for
the combinations and the comparisons are specifically. Concern mainly the between of them
sequenced and coexistence on a PCB, the size of the application up to the cost.

All the sensors, of course, can be combined with all inverters because has not to do their
combination with their internal architecture. All the architectures ADCs perform a comparison of
an unknown input voltage with a known reference voltage [62].

6.1. The combinations of Sensors and ADCs

The Hall Effect sensor because of the simplicity of his construction, combined well with the
equally simple construction circuit of the ADC SAR. The combination of those two is ideal for
applications without great complexity in designing their circuits. The Hall Effect sensor is
intended for applications not so much for high accuracy and this is what makes him fit
appropriately with the ADC SAR. Also, their combination offers low operating consumption and
low cost in their application.

The FluxGate sensor offers high resolution and high accuracy during his operation. It fits
perfectly with the converter ADC Pipeline offered for equally fast applications high
requirements. These two elements perform as well in high-frequency signals. Their combination
is intended for high-potential applications in which there is not cost restriction.

The Shunt Resistors sensor hides specifics in the design, due to the absence of galvanic isolation.
For this reason, when designing, it needs more attention than other sensors. As mentioned in
paragraph 2.7, the problem of galvanic isolation is solved with the use of a particular converter
AD 7403. This converter is Delta Sigma topology and solves the problem of isolation and relieve
the designer from the complex design of the circuit. Equally, one can find many ready
architectures with this combination, which the galvanic isolation provided in a separate circuit.

The Magnetoresistive is a sensor especially for applications that require high Bandwidth, for this
mainly reason, match suitable with the converter SAR. Their combination offers very good
accuracy in measurements with low energy consumption. Also, because of the small size, this
combination can be used in applications with a restricted area of design. It is quite a satisfactory
solution for high demanding applications and offers a low cost. Also, a very good combine with
quite satisfying results can be done with the Pipeline ADCs and Delta Sigma ADC.

The Rogowski Coil is a generally flexible sensor that can design in various ways, so as to give a
desired input signal to the each ADC. The features of this sensor combined quite well with the
Integrating Dual-Slope ADC and SAR ADC. These converters because of the high Bandwidth
which can perceive in the entry, is combined with very low consumption in the circuit, make this
combination seem ideal.
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The Current Transformer is mainly for bulky industrial applications without any particular
limitation of space. Without high resolution and speed at which perceives the current can be
combined quite well with most of its converters.

6.2. Summary of combinations

As mentioned above, all the ADCs operate with all sensors currents. Some combinations match
more and some others less. Table 4 presents these combinations.

ADCs / Sensors Hall Effect Fluxgate |Shunt Resistors LR Rogowski Coil curent
Sensor Transformer

Good Medium Good Good Good
Delta Sigma Medium Low Good Good Medium Medium
Flash Medium Medium Low Medium Low Medium
Pipeline Low Good Low Good Medium Low
Intergrating Dual Slope Medium Low Medium Medium Good Good

Table 4 Combination of Current Sensors with ADCs

6.3. The most prevalent combinations

Based on the needs of the application for which it is intended this thesis, resulting three
predominant combinations. The combinations are 1. Shunt Resistor current sensor-Delta Sigma
ADC, 2. Magnetoresistive current sensor-Pipeline ADC and 3. Rogowski Coil current sensor-
Pipeline ADC, that in the continue explained the reasons.

6.3.1. Shunt Resistor- Delta Sigma ADC

With many advantages the shunt resistor as a current sensor, it is often the current sensor of
choice for many systems. With the appropriate shunt resistor value, a variety of current ranges
can be monitored.

The uses of this comparison show ideally for current sensing applications, where the voltage
across a shunt resistor is monitored. The load current flowing through a shunt resistor, which
produces a voltage at the input terminals of the Delta Sigma ADC. The analog input range is
tailored to directly accommodate a voltage drop across of shunt resistor. The ADC provided
isolation between the analog input from the current sensing resistor and the digital outputs.

The shunt resistors principles, used in combination with the ADC are determined by the
requirements of each application, such as the terms of voltage, current, and power. Small values
of resistors, minimize the power dissipation, whereas low inductance resistors avoid any induced
voltage spikes and good tolerance devices reduce current variations.

Finally, taking into consideration the compromise between low power consumption and
accuracy, it ranges at satisfactory levels for this application.
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This combination offers excellent performance, even at low input signal levels, allowing to used
shunt resistors with low value while maintaining system performance.

Ideal components for this application are shown to be the shunt resistors from
ISABELLEHUTTE and from OHMITE in combination with one of two ADC from the Texas
Instrument AD 7403 [26] and AMC1204- Q1 [63].

6.3.2. Magnetoresistive Sensor - Pipeline ADC

The Magnetoresistive Sensor is a sensor for specialized applications such as electrical motor
control, DC/DC converter etc.

By detecting the current through two Wheatstone bridges and the ferromagnetic materials
provides a high resolution for a much less field strength. With integrated signal conditioning
amplifiers creates the desired voltage in the output of the sensor, so as to drives to the ADC. This
facilitates greatly the design of the circuit.

The AMR sensors offer high bandwidth and with the right choice of ADC, the designer can play
strengths with these sensors. A specialized company in the construction of AMR sensing
elements is Sensitec GmbH, which for our application offers an ideal current sensor solution.
The SMC3015 with 2MHz bandwidth, which in combined with a Pipelined ADC LTC 1420 of
Linear Technology that delivers high-speed 10Msps and 12-bit resolution. For our application,
the characteristics of the particular combination seen as an ideal solution.

Also one can find from specialized companies in the power electronics a lot of other solutions
for this combination.

6.3.3. Rogowski Coil current sensor - Pipeline ADC

The Rogowski Coil with the property to measure a wide range currents without saturating seems
as an ideal solution for many applications. The combination of this sensor with the Pipeline ADC
seems as a good solution due to their features and the several options for applications that exist
on the market.

The voltage generated at the edges of the Rogowski Coil is proportional to the rate of change of
the AC current, which is driven through an integrator for processing the signal from the ADC.
The signal is driven to the analog input range of Pipeline ADC

The ADC Pipeline that is currently available in the market, they have been designed specifically
to support this kind of applications where there are high frequency input signals and requirement
large dynamic range.Also, they are designed in a way that supports low voltage differential
signaling in order to reduce the number of interface lines, thus allowing for high system
integration density.
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For the Rogowski Coil current sensors which have been designed and constructed for this work,
the LTC 1420 ADC from Linear Technology and the ADC342x family from Texas Instrument
are shown as ideal components.
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7. Laboratory part

The design of the circuits and the measurement results are presented in this part. The
measurements and the measurement results been made at the Fraunhofer IWES laboratory. The
circuit was designed in Altium Design Software and measurements were taken from the
following laboratory instruments WAYNE KERR PRECISION MAGNETIC ANALYZER
model PMA3260A.

The key element that determined the choice of the sensors, is the frequency of the current (15A /
140kHz)which flowing through the system of wireless charging of vehicles. For the currents
measuring were selected, a Magnetoresistive sensor (CMS3015), a Shunt Resistor sensor and a
Fluxgate sensor (CASR15). Additionally, two different types of Rogowski coil sensors have
been selected for design, the Planar Rogowski Coil (PRC) and the Combined Rogowski Coil
(CRC) (Details are given in the Annex of the thesis).

7.1. Circuits design

In this part presented the schematic diagrams of circuits that have been designed in Altium
Designer.

7.1.1. Schematic Circuits in Altium Design

Magnetoresistive current sensor
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Figure 7.1 Schematic Circuits of Magnetoresistive current sensor
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Shunt Resistor current sensor

As shown in Figure 7.2, it has been used an isolated delta-sigma modulator and an isolated
power supply ADUM 5401.
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Figure 7.2 Schematic Circuits of Shunt Resistor current sensor

Fluxgate current sensor
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Figure 7.3 Schematic Circuits of Fluxgate current sensor
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Planar Rogowski Coil current sensor (PRC)

SIGNAL PRC

iIND
R17 R18 —=C19

Component_1

P4

5-1634503-1

Figure 7.4 Schematic Circuits of Planar Rogowski Coil current sensor (PRC)

Combined Rogowski Coil current sensor (CRC)
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Figure 7.5 Schematic Circuits of Combined Rogowski Coil current sensor (PRC)
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7.1.2. Printed Circuit Boards (PCB) design

Combined Rogowski Coil (CRC) current sensor

Figure 7.6 Left: Main board of Combined Rogowski coil, Right: Assistant board of Combined Rogowski coil

Planar Rogowski Coil (PRC) current sensor

CRCRL
BB Blo
Ry e

Figure 7.7 Circuit of PCB Planar Rogowski Coil PRC
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Printed Circuit Board (PCB) design

Figure 7.8 Printed Circuit Board (PCB) design

3D Top Layer of Printed Circuit Board (PCB)

Figure 7.9 3D Top Layer of Printed Circuit Board (PCB) |
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Figure 7.10 3D Top Layer of Printed Circuit Board (PCB)II

3D Bottom Layer of Printed Circuit Board (PCB)
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B 0
m“s'_m
2" %o

®

Figure 7.11 3D Bottom Layer of Printed Circuit Board (PCB)
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7.1.3. The construction of printed circuit board (PCB)

At this part, we can see in Pictures 1 and 2, the printed board as it constructed.

3700 60 10C OO

nann

PO ICO0 00 00 ©OF

Picture 2 Bottom Layer of PCB

Subsequently, shown one by one the sensors as assembled in the laboratory.

Compined Rogowski Coil (CRC) current sensor

Picture 3 Combined Rogowski Coil (CRC) current sensor
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Planar Rogowski Coil (PRC) current sensor

Picture 4 Planar Rogowski Coil (PRC) current sensor

Shunt Resistor current sensor

Picture 5 Shunt Resistor current sensor

Magnetoresistive current sensor

Picture 6 Magnetoresistive (Sensitec CMS3015) current sensor
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Fluxgate current sensor

Picture 7 Fluxgate current sensor

And finally, we see their final form, as shown in Picture 8.

Picture 8 All the sensors
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7.2. Laboratory Measurements

Measured results of electromagnetic parameters for the Rogowski Coils, by WAYNE KERR
PRECISION MAGNETIC ANALYZER model PMA3260A

Picture 9

Measured results of electromagnetic parameters for the Rogowski Coils, by Agilent E7401A
EMC ANALYZER 9kHz-1,5GHz

Picture 10

Planar Rogowski Coil

self-induc.L Impedance Z (©)

5 kHz 3,85 uH 19,51 Q@ 19,521 0,36° 19,51+0,12i
10 kKHz 3,84 uH 19,53 Q 19,52L0,70° 19,51+0,23i
20 kHz 3,84 uH 19,52 Q 19,531 1,42° 19,52+0,48i
30 kHz 3,84 uH 19,53 Q 19,541_2,21° 19,52+0,75i
50 kHz 3,84 uH 19,54 Q 19,57L_3,52° 19,53+1,20i
100 kHz 3,84 pH 19,54 Q 19,69L_7,02° 19,54+2,41i
200 kHz 3,83 uH 19,55 Q 20,131 13,84° 19,54+4,81i
500 kHz 3,83 pH 19,59 Q@ 23,00L31,58° 19,59+12,04i
1 MHz 3,83 uH 19,73 @ 31,16L50,70° 19,73+24,11i
2 MHz 3,85 uH 20,18 Q 52,501 67,40° 20,17+48,47i
3 MHz 3,89 pH 20,95 Q 76,30L74,00° 21,03+73,34i

Table 5 Electromagnetic parameters of the Planar Rogowski Coil
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Combined Rogowski Coil

Self-induc.L Impedance Z (©)

5 kHz
10 kHz
20 kHz
30 kHz
50 kHz
100 kHz
200 kHz
500 kHz
1 MHz
2 MHz
3 MHz

83,70 uH
83,70 uH
83,68 uH
83,68 uH
83,69 uH
83,68 uH
83,69 uH
83,74 uH
84,04 pH
85,25 uH
87,50 uH

46,80 Q
46,80 Q
46,63 Q
46,68 Q
46,62 Q
46,63 Q
46,69 Q
47,10 Q
48,20 Q
52,60 Q
64,00 Q

46,65L_3,24°
46,88 6,44°
47,75112,72°
49,181 18,72°
53,49129,44°
70,261_48,44°
115,06 66,06°
267,251.79,84°
560,21 84,80°
10721 87,20°
1650L_87,80°

Table 6 Electromagnetic parameters of the Combined Rogowski Coil

46,57+2,63i
46,58+5,25i
46,57+10,51i
46,57+15,84i
46,58+26,29i
46,61+52,57i
46,68+105,16i
47,14+263,06i
50,77+557,89i
52,36+1070,72i
63,34+1648,78i

In Tables 5 and 6 shown the measured results of electromagnetic parameters for the two

Rogowski Coils in frequency range 5 kHz up to 3 MHz

CONCLUSION

The Planar Rogowski Coil and the Combine Rogowski Coil that constructed on PCB, which the
equations how to conclude their features are presented in the Annex. Both of the coils present a
very good linearity in low and high current and low sensitivity of the shift of position conductor
passing through the coil. They provide accurate current measurement sine wave. Even they can

be used for instantaneous power measurement.
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Annex

Designing PCB Rogowski coil

Preferred the design of the Rogowski coil current sensor because of the many featured in relation
with the other sensors, as these are is the high linearity of the wide range of current measurement
without magnetic saturation.

The Rogowski coils where are commercially available have limited bandwidth to some kHz, for
this reason, preferred the design so that the bandwidth to be improved in MHz.

Rogowski Coil Magnetic Calculations

At the case of Rogowski Coil calculation, the function of it is based on Faraday's Law on
induction, who mentioned that the induced electromotive force EMF in a circuit is equaled to the
opposite of the rate of change of the passing magnetic flux from the circuit. If there is a coil with
N turns and the flow which passes through each winding is altered with rate A®/A,, then the
induced electromotive force EMF given by the relationship [64]:

AP
— 8.1
E N : (8.1)

The above relationship give us the average value of EMF in a time interval 4,.

As shown in several publications such as [65] [66], the basic equation which can calculate the
voltage V at the ends of the windings of the Rogowski Coil sensor is:

di

-M— (8.2)

V =

This equation shows that the voltage that was developed across the coil is equal to the derivative
of the current flowing through a conductor that crosses the air-core, multiplied by the mutual
inductance. This is because when in a coil, passing a current which carried from a conductor,
then a magnetic field is generated inside this.

To calculate the mutual inductance M [H], should first to consider the magnetic field B, from the
bellow equation:

p=to! (83)
2T w

Where B [T] is the magnetic field created, the u, [H/m] vacuum magnetic permeability, I [A] is
the current that flows through the conductor and 2 = w [m] is the along of the winding.

Then, from the equation of the magnetic flux, calculated the ¢ [WB]
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9= f B ds (8.4)

where ds a small part of the surface.

o 1 1 Uo T w (b)
— Zdx = — 8.5
e 21 fodx 2 In a (85)

Where b the radius of the outside circle and « the radius of the internal circle.

Figure A. 1 Rogowski coil [67]

Finally, replacing in the equation of magnetic flux ¢, the values of construction from the sensor
and multiply with the number of turns N, then the total value of the magnetic flux ¢, calculate
by the bellow equation:

ol wN (b)
= — 8.6
Pc >, n(z (8.6)
And the mutual inductance M [H]:
M=&=”°WN1H(9) (8.7)
1 2m a

The mutual inductance depends on the geometry of the coils, from the relative position of the
conductor and the material in the area of provision of coils, 1IH=1Wb/A [67].
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The self-inductance L is a measure of the amount of magnetic flux which produced for the
current that flows in the coil [68] and is given by the by the equation [69] as:

N?h b
L=M0 ln(—)

2 a (8.8)

Equivalent circuit

The equivalent circuit of a Rogowski coil is shown in Figure A.2. It has a small mutual
inductance M, owing to the air-core [70] which can be considered such as a voltage source U, (s)
representing the full voltage caused by the current to be measured [71], in series to the
inductance LO and the self-resistance R of the coil. The R,,, load resistance is very large [70] [72]
and its will define the peration of the coil [25].

fit) A

R L
M AA—TE
% : j .1;{-‘?{-’? (.1 p— IIqru% l['ﬁu

=

Figure A. 2 Electrical circuit of Rogowski Coil [25]

From the equivalent circuit of Figure A.2, the transfer function is given by the following
equation:

Ui(s) Ms

1) Lest 4 (ptRC)s+(pe+1) (8.9)

m Rm

H(s) =

Due to the very low value of the circuit resistance R in most cases ignored. So the simplified
relation is the bellow:

Hy(s) = —2°

L
24 =
LCs t3 s+1 (8.10)

The transfer function shows that the voltage U, (s) is proportional to the di/dt, because the coil is
only counts the di/dt [71].
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Calculate the Bandwidth

To calculate the bandwidth will take us into consideration the following circuit in Figure A.3,
which have been added additional elements of the of the signal cable to the load. As shown, have
added the Cc which is the signal cable capacitance, Rt is the coil termination resistance, and Rm
Is the signal cable resistance.

Rogowski coil and its coupling
1o Clll'l'Cﬂt—CHl'l'}"ll'lg conductor

10 m R e
i _‘I’Hr dj%ﬂ {-‘ J— i R.’ {?{ Hm Vﬁ‘j
C e C i J__

Figure A. 3 The electric circuit of Rogowski coil including the elements required in the design and calculation of
bandwidth [25]

In an ideal circuit, the output voltage of the coil depends linearly on the frequency, but because
of the engagement of the elements R, L, and C, this dependence is more complex, resulting in
the terminal resistance Rt of the coil to appear a frequency characteristic with a plateau between
the low fl and high fh angle frequencies [25].

Down of the frequency fl the gain of the coil decreases, as more than an upper limit frequency fh
the gain again decreases, due to the inherent time delays of the coil and the integrator [73] [74].
From Figure A.3 we take the following equations for the lower and upper of "cutoff" frequencies
in a —3 dB line.

Low Frequency:

R¢Rm,

Ri=—"—7— 8.11
"R, +Rp, (8.11)

R+R R+R
fi = = : (8.12)

2n(L+RR, Cy) 2m L

High Frequency:

C,=C+C, (8.13)

72



_L+RRC _ 1
T 2mR,LC, — 2mR,C,

The Bandwidth defined as:

1 R+R,

BW=Ff,—f = -
o= fi 2R, C;, 2ml

(8.14)

(8.15)
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Circuit of Planar Rogowski Coil

Figure A. 4 PCB of Planar Rogowski Coil (PRC)

In Figure A.4 shows the information which required for the calculations. The values used in the

construction of the coil are the following:

TABLE |. Parameters of the coil.

Coil parameter

Specification

Outer radius, b
Internal radius, a,
Inner radius of the compensation coil, a,

Thickness, h

Number of turns, N
Width , W,

High, h.,
Magnetic constant, y,

Copper resistivity,p.,

15,6 mm

3,8 mm

5mm

2,4 mm

50

0,1 mm

0.035 mm
1,256 107°H/M

1,6810780m
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TABLE II. Calculated parameters of the coil.

Model Parameter Specification
Mutual Inductance, M 0,061 uH
Self-resistance, R 16,493
Self-inductance, L 3,06 mH
Self-capacitance, C 13,64 pF
The coil termination resistance, R 10 Q
The signal cable capacitance, C, 10 nF
The signal cable resistance, R,, 52 Q
Rogowski Voltage, V 0,808 V
Low frequency, f; 894,759 kHz
High frequency, f, 2,754 MHz
Bandwidth, BW 1,864 MHz

Calculations

Mutual Inductance:

M

a,

Nh /b Nh /b
_ Ho ln( ) LR, (—) — 6,12 10~%H (8.16)
2T 21 a,

Current:

d
—i(t) = 1,319 1074/s
T / (8.17)

The output voltage of Rogowski Coil:

di
V=M+—=0808V
dt (8.18)
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Self-Inductance:

N?h b N?h b
L = Ho In (—) +Ho In (—) = 3,06 10-H
2T a, 2r aq
Self-Resistance:
Pcu Lwire
R=——=16,493 1)
VVC‘U, hcu
Self-Capacitance:
D,.. + D;
o =Xt it _ 19,4 mm
2
D...— D;
r= % = 0,012 mm
4 % g Ro
C=——p-—=13,64pF
in ()
Low freqguency:
_ Rt Rm e 3s0m
" Rt+Rm m
l = R+R1 = 890,759 kH
N=ow@+r ricy 8% z
High Frequency:
Cl=C+Cc= 10,014 nF
B = L+R R1 C1 = 2754 MH
=R L % g

Bandwidth:

BW = fh — fl = 1,864 MHz

(8.19)

(8.20)

(8.21)

(8.22)

(8.23)

(8.24)

(8.25)

(8.26)

(8.27)

(8.28)
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Combined Rogowski Coil CRC-Theoretical

For the Combined Rogowski Coil As shown in Figure A.5 required to design, a main PCB and
eight auxiliary PCB which satisfy the particular application. In the main PCB circuit, there is the
series circuit to feed the assistant boards, which produce the induced voltage [75].

main board

return loop
S

>

F 3

conductor

Figure A. 5 (a) Construction of main board of CRC. (b) Assistant board and conductor of CRC [75]

TABLE Ill. Parameters of the coil.

Coil parameter Specification

Width of assistant board, a 12 mm

Length of assistant board, b 4,9 mm

Distance between the wires, ¢ 0,2 mm

The distance from the conductor, d 2,8 mm
Number of assistant boards, N 8
Turns of loops on one assistant board, k 30

Magnetic constant, 1,256 107°H/M
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TABLE IV. Calculated parameters of the coil.

Model Parameter Specification
Mutual Inductance, M 0,222 uH
Self-resistance, R 45,8 Q
Self-inductance, L 77,361 uH
Self-capacitance, C 83,086 pF
The coil termination resistance, R 10 Q
The signal cable capacitance, C, 10 nF
The signal cable resistance, R, 52 Q
Rogowski Voltage, V 1,238V
Low frequency, f; 100,191 kHz
High frequency, f, 1,973 MHz
Bandwidth, BW 1.872 MHz

The mutual inductance of a CRC is given by:

g d+b+(i-1)c

x(a—2=*({—1)*c
M’=Z f Ho* ( Gl )dx=0,028uH
2*T* X

i=1 d+(i-1) ¢

M =N=xM" =0,222 uH

Current:

d A
—i(t) =1,319107 —
dtl() S

(8.29)

(8.30)

(8.31)
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The output voltage of Rogowski Coil:

d
=Msx*x—i = 2,92
%4 *dtl(t) 925V

Self-inductance:

x(k*N)**a b
L = Hox (k1) In (—) = 77,361uH
2T d
Self-Resistance:
Peu * Lyire
R=——=14580N
M/cu * hcu
Self-Capacitance:
2xT % &y %1,
= 0 wire _ 83,086 pF
In (2 * rS)
d
Low frequency:
R1 = Rt * Rm = 8,38 Oh
" Rt+Rm m
= R+R1 = 100,191 kH
=@ +r-Ri=cn 100 z
High Frequency:
Cl1=C+Cc=10,083nF
L+Rx*xR1xC1
fh = 1,973 MHz

T 2+mxRLxLxCl)
Bandwidth:

BW = fh — fl = 1,872 MHz

(8.32)

(8.33)

(8.34)

(8.35)

(8.36)

(8.37)

(8.38)

(8.39)

(8.40)
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