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Abstract:

This dissertation describes the development of AC magnetic flux density standards and their
use in metrology. The dissertation focuses mainly on the design and realization of new standards,
which will extend the existing ways of calibrating AC magnetometers in the primary laboratory of
the Department of Electromagnetic Quantities of the Czech Metrology Institute.

Various coil systems and various types of solenoids are commonly used for calibrating
magnetometers (teslameters with a Hall probe, or 3-axis coil probe analyzers) up to several mT.
The maximum value of the AC magnetic flux density generated in the center of the standard, and
its homogeneity, depend on the dimensions and the type of the coil standard and the winding
parameters. The induction and parasitic capacity of the winding affects the value of the resonance
frequency and thus the frequency range in which the standard can be used. An electromagnet has
to be used when a higher magnetic flux density value needs to be generated for calibration up to
hundreds of mT. Here, some standard sensor (Hall probe, search coil) with traceable calibration
should be used for precise measurements of the AC magnetic flux density generated in the center
of the air gap.

In the first part of the dissertation, various types of coil standards (Helmholtz, Maxwell,
Garrett, Barker, Braunbek, etc.) and available AC electromagnets are described and are compared
in terms of their parameters and their uses in AC applications. The standards for AC calibrations
available in the primary laboratory of the Department of Electromagnetic Quantities of the Czech
Metrology Institute before starting this dissertation work are also presented here.

The second part of the dissertation describes the design and realization of the Helmholtz-type
single-layer coil standard for calibrating magnetometers in the frequency range up to 100 kHz.
The standard was designed primarily for calibrating magnetic field analyzers with a 3-axis coil
probe (EFA 300, ELT 400). An AC magnetic flux density value of 105 pT up to 40 kHz and an
AC magnetic flux density value of 40 T at a frequency of 100 kHz can be generated by means of
the coil standard that is developed. The serial resonance effect was used in order to generate a
magnetic flux density of 105 pT up to 100 kHz. For this purpose, a capacitive programmable
array was designed and realized. This array is connected in series with the winding of the coil
standard. To ensure the metrological traceability of the generated AC magnetic flux density, a
calibration method was developed involving special search coils and an AC current shunt with
calibrated AC/DC differences, by which the coil standards can be calibrated up to 100 kHz with
expanded uncertainty of (0.12 to 0.25)%. This section of the dissertation also describes the
possibilities of using coil standards in metrology.

The last part of the dissertation is devoted to the design and realization of the system with an
AC electromagnet, which can be used for calibrating teslameters with a Hall probe up to 1 T at
low frequencies (mainly at a frequency of 50/60 Hz). An AC electromagnet with a UNICORE
core has been developed from oriented electrotechnical steel with a cross-section of 36 cm? and
with a length of the air gap of 10 mm. A single-layer, a double-layer and a 10-layer special PCB
search coil were designed and fabricated for precise measurements/adjustments of the AC
magnetic flux density generated in the center of the air gap, ensuring the metrological traceability
of the teslameter calibration using the system with an AC electromagnet. The serial resonance
effect was used when powering the electromagnet. It was possible to use a conventional amplifier
for power supply thanks to the HV capacitors connected in series with the electromagnet winding.
A feedback was also implemented to improve the stability of the AC magnetic flux density
generated inside the air gap. The value of the generated AC magnetic flux density can be
measured/adjusted in the center of the air gap with expanded uncertainty of 0.2%. To extend the
frequency range of the calibrations, an AC electromagnet made from amorphous MetGlass
2605HB1 material was also realized, enabling it to generate magnetic flux density of about
100 mT up to a frequency of 1 kHz.

Keywords: AC magnetic flux density, calibration, coil standard, electromagnet, metrology.



Abstrakt:

Tato dizertaCni prace se zabyva etalony stfidavé magnetické indukce a jejich vyuZzitim
v metrologii. Prace je zamérena predevsim na navrh a realizaci novych etalond, které by rozsifily
stavajici moznosti kalibraci stfidavych rozsahl magnetometrl v primarni laboratofi oddéleni
elektromagnetickych veli¢in Ceského metrologického institutu.

Pro kalibrace magnetometrl (teslametri s Hallovou sondou nebo analyzatord
elektromagnetického pole s 3-osou civkovou sondou) do nékolika mT se bézné vyuzivaji rlizné
civkové systémy nebo riizné typy solenoidil. Maximalni hodnota generované stfidavé magnetické
indukce ve stfedu etalonu a jeji homogenita zavisi na rozmérech a typu etalonu a na parametrech
vinuti. Z parametr( vinuti etalonu je nejdGleZitéjsi indukénost a parazitni kapacita, ktera ovliviiuje
velikost rezonancni frekvence a tim i frekvencni rozsah, ve kterém lze etalon pouZivat. Pro
kalibrace do vy3sich hodnot stfidave magnetické indukce (stovky mT) je nutné pouZzit silnéjsi
zdroj pro generovani magnetické indukce (stfidavy elektromagnet) ve spojeni s etalonem
(etalonovy senzor), kterym se nastavena hodnota magnetické indukce ve vzduchové mezefe
elektromagnetu presné méri.

V prvni Casti dizertatni prace jsou popsany a srovnany rdzné typy civkovych etalond
(Helmholtz, Maxwell, Garrett, Barker, Braunbek atd.) a dostupnych stfidavych elektromagnett
z hlediska jejich parametrd a vyuZziti ve stfidavych aplikacich. Také jsou zde popsany etalony pro
stfidavé kalibrace dostupné pred zahajenim feSeni této dizertaCni prace v primarni laboratofi
oddéleni elektromagnetickych veli¢in Ceského metrologického institutu.

Druhd Cast prace je vénovana ndvrhu a realizaci jednovrstvého civkového etalonu
Helmholtzova typu pro kalibrace magnetometr( v rozsahu do 100 kHz. Tento etalon byl navrzen
primarné pro kalibrace analyzator(i magnetického pole s 3-osou civkovou sondou (EFA 300, ELT
400). Timto etalonem bylo mozné generovat stfidavou magnetickou indukci 105 pT do 40 kHz
a 40 pT na frekvenci 100 kHz. Aby bylo mozné generovat hodnoty magneticke indukce 105 uT az
do 100 kHz, byla vyuZita sériové rezonance. Pro tento GCel byla navrZzena a realizovana
programovatelnd kapacitni dekada, kterd byla pfipojena do série s vinutim etalonu. Aby byla
zajisténa metrologicka navaznost generované stfidavé magnetické indukce, byla vyvinuta
kalibraCni metoda zahrnujici specialni mérici civky a AC/DC boc¢nik s kalibrovanou AC/DC
diferenci, kterou je mozné kalibrovat civkové etalony do 100 kHz srozSifenou nejistotou
0,12% az 0,25 %. V této Casti prace jsou popsany moznosti vyuziti civkovych etaloni
v metrologii.

Posledni Cast prace je vénovana navrhu a realizaci systému se stfidavym elektromagnetem,
kterym je mozné kalibrovat teslametry s Hallovou sondou do 1 T na nizkych frekvencich
(pfedevSim na frekvenci 50/60 Hz). Byl vyvinut stfidavy elektromagnet s UNICORE jadrem
z orientované elektrotechnické oceli o priifezu 36 cm? a s délkou vzduchové mezery 10 mm. Pro
pfesné meéreni/nastaveni generované stfidavé magnetické indukce ve vzduchové mezefe byla
navrzena a realizovana jednovrstva, dvouvrstvd a 10-vrstva specialni PCB méfici civka, ktera
zajistuje metrologickou navaznost kalibrace teslametrd pfi pouZiti systému se stfidavym
elektromagnetem. PFi napajeni elektromagnetu byla opét vyuzita seriova rezonance. Diky vn
kapacitorlim zapojenym do série s vinutim elektromagnetu je mozné pouZzit pro napajeni bézny
zesilovac. Pro zlepSeni stability generované stridavé magnetické indukce byla také pouzita zpétna
vazba. Timto systtmem je mozne méfit/nastavit hodnotu magnetické indukce ve vzduchové
mezefe s rozSifenou nejistotou 0,2 %. Pro rozSifeni frekvencniho rozsahu kalibraci byl take
realizovan stfidavy elektromagnet z amorfniho materialu MetGlass 2605HB1, diky kterému je
mozné generovat magnetickou indukci kolem 100 mT do frekvence 1 kHz.

Klicové slova: civkovy etalon, elektromagnet, kalibrace, metrologie, stfidavad magneticka
indukce.
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1 Introduction and motivation

AC magnetic flux density standards are very important in metrology of magnetic quantities
for calibrations of the AC teslameter (with Hall probes) and for calibrating AC magnetic field
analyzers (magnetometers) with a 3-axis coil probe. Others fields in which these standards are
used are electromagnetic compatibility (EMC) testing and biomedical applications. In recent
years, there have been increasing numbers of inquiries about calibrating Hall probesupto 1 T
at 50 Hz and for calibrating magnetometers up to 100 kHz. To fulfill these demands from
industry, it was necessary to design and realize new standards at the Department of
Electromagnetic Quantities of the Czech Metrology Institute (CMI). The standards can be
split up into two groups.

The first group is coil standards. The structure of DC and AC magnetic flux density (MFD)
standards does not differ greatly. Solenoids of the same types are used. In general, the coil
standards can be compared according to the homogeneity in the inner space of the coil
standard, according to the access into the inner space of the coil and according to the relative
difficulty of exact realization (e.g. a cylindrical frame with circular turns is easier to realize
than frame a with square/rectangular turns). The magnetic flux density value B (T) inside the
coil standard is given by the coil constant Kg (T/A) or Ky (Am™/A), and by the current value |
(A) through the coil standard as

B=Kgl =0, Kyl, (1)
where o is a constant of magnetic vacuum permeability (1.25663706212(19)+10° H/m [1])
and y, is the relative permeability of air. The coil standards of B are also the coil standards of
the magnetic field strength H with the uncertainty given by the difference between p, and 1.
This difference is negligible. The efficiency of the coil standards can also be compared using
the Fabry factor G, which is dependent only on the coil shape. The magnetic flux density in
the center of the coil standard can be expressed as [2]

B = 1, 022, @)

R p;

where G is the Fabry factor, P; is the loss power of the winding, Ao is the filling factor, R; is
the inner radius of the winding, and p; is the resistivity of the conductor. However, there are
some limitations in the use of coil standards in AC applications. The coil standard should
have no metal parts except the winding. In AC applications, an imaginary part of the coil
impedance (its inductance L) is important. The value of L is related to the power supply
possibility, and thus to the maximal value of generated B. The frequency range of coil
standards is given by the winding impedance and the parasitic capacity of the winding, which
determine the resonance frequency value and thus the usable frequency range.

The second group consists of AC electromagnets, which can generate a B value of at least
several tens of mT. The value of the generated B is measured either by a teslameter with a
Hall probe or by a special search coil. These special electromagnets must be produced from
suitable material with regard to its parameters and its use. The material of the yoke should
have high permeability, low losses and high saturation.

1.1 Coil systems

Coil systems for generating a DC magnetic field are described in this section. These coil
systems can also be used for generating an AC magnetic field, with some limitations.



1.1.1 Helmholtz coils

Helmholtz coils are the most widely-used type of coil standard. Helmholtz coils consist of
two parallel, circular, identical loops of thin wire that are placed symmetrically along
a common axis [3]. The distance | between the loops is equal to the radius R of the loop
(Fig. 1a). The magnetic field value on the axis of the Helmholtz coils can be calculated as [4]

B =, NIZRZ {R2+[|2+zj } +|:R2+[|2—zj } , (3)

where z is the distance from the center of the coils on the axis of the coils. Equation (3) can be
re-written for z=0 and I=R as

B =, I\F'{'0.7155. (4)

Generally, homogeneity of the generated magnetic field of about the 4th order can be

Fig. 1 a) Helmholtz coils, b) multi-layer Helmholtz coils.

achieved using Helmholtz coils. Helmholtz coils can be modified in their winding shape or in
their dimensions to improve the homogeneity in the desired volume inside the coils.
Optimization of the coils spacing of circular Helmholtz coils is presented in [5]. An analysis
of the magnetic field homogeneity between circular and square Helmholtz coils has also been
published [6], [7]. An example of simulation results for the improved homogenity of
Helmholtz coils when a third coil of the same diamater is added between the coils can be
found in [8]. A comparison of the magnetic field homogeneity of circular, square and
triangular Helmholtz coils is presented in [9]. Multi-layer Helmholtz coils can be used for
generating higher magnetic flux density values. Here, the width a and height b of the winding
must be taken into account and the mean radius R’ and mean distance I’ should still fulfill the
condition I'=R’ (Fig. 1b). The recommended value of the height to width ratio is b/a=1.078

[4].



1.1.2 Maxwell coils

A Maxwell coil setup consists of three coils oriented on the surface of a virtual sphere [10].

Both outer coils should have a radius of +/4/7R, and should have a distance of +/3/7R from
the central coil with radius R (Fig. 2a). Each of the outer coils should have number of turns
exactly in the ratio of 49/64 of the central coil. Maxwell coils are very often used for

b)

Fig. 2 a) Maxwell 3-coil configuration, b) Maxwell 4-coil configuration.

generating a magnetic field gradient [11], for example in the 4-coil configuration (Fig. 2b).
The 4-coil configuration should have following ratios [24]:

Ry 06719, & -02076, 22 -11880, N2 _0.6821.
R R R N

1 1 2 1
A comparison of the homogeneity between Helmholtz coils and Maxwell coils can be found

in [12].



1.1.3 Barker coils

Another coil system is called Barker coils, which are 3, 4 or 6 symmetrically arranged coils
of the same radius. The advantage of Barker coils is that they are simpler to realize (than
Helmholtz or Maxwell coils), and all coils are on one and the same frame. Barker coils (for
the 4-coil arrangment) should have following ratios [24]:

3 02432 %2 _09407, Nz 22606,
R R N

1

p a
/\%

2

N

Fig. 3 Barker coils (4-coil arrangment).

1.1.4 Braunbek coils

A multi-coil system (3 or more coils) is used when a larger area of homogeneous magnetic
field is needed. Braunbek coils consist of four coils (two pairs of coils) [13] with dimensions
according Fig. 4. Each coil has the same number of turns. The ratios between the distance of
the inner coil pair from the center d,, the distance of the outer coil pair from the center dj, the
radius of the inner coil pair R, and the radius of the outer coil pair Ry are [14]:

4 =1.107, R =1.3009, 4, = 0.364, d; =0.278.
R R R

1 1 1 2
A comparison of the homogeneity between Braunbek coils and Helmholtz coils can be found
in [15].



d;

Fig. 4 Braunbek coil system.

1.1.5 Merritt coils

A system of three (Fig. 5) or four (Fig. 6) square coils with given dimensions is referred to
as Merritt coils. For a three-coil system, the ratio of the length of the coil side | and the width
of the coil system w is w/l = 0.821116, and the ratio of the current in the middle coil I; to the
current of the outer coils I, is 11/1; = 0.512797. For a four-coil system, the ratio between the
side length of the coil I and the distance of the inner coil pair from the center of the system x
is x/I = 0.128106. The ratio between coil side length | and the distance of the outer coil pair

ik

e

Fig. 5 Merritt 3-coil system.



from the center of the systemy is y/l = 0.505492. The ratio of the current in the inner coil pair
11 to the current in the outer coil pair I, is 11/l = 0.423514 [16].

\
\

Ui
/

Fig. 6 Merritt 4-coil system.

1.1.6 Other coil systems

The Braunbek and Merritt coil systems are the most widely used multi-coil systems.
However, they are not the only systems. There are some other multi-coil systems that can be
used when a larger area of homogeneity is needed. For example, there is the Rubens coil
system of 5 square coils [17], the Lee-Withing system of 4 circular coils [18] and the Alldred-
Scollar system of 4 square coils [19]. A comparison between these multi-coil systems and
Helmholtz coils can be found in [20]. A decription of a new axial system of 8 circular coils
for calibrating sensors for measuring weak magnetic fields is described in [21]. The most
widely-used coil systems are circular or square in shape, while a hexagonal coil system is
discussed in [22]. This type of coil system gives more than 99% uniformity over half of the
space occupied by the coil system.

1.2 Solenoid-type systems

1.2.1 Solenoid

A solenoid is a long, thin single-layer conductor that is homogeneously wound as a
cylindrical helix on a non-magnetic frame. A solenoid can be characterized by the number of
turns N of the conductor and the length of the solenoid |I. The magnetic field inside an ideal
solenoid (of infinite length) can be expressed as

where | is the current through the solenoid and o is the permeability of the vacuum. An
equation can be obtained for determining the magnetic field value of a long thin solenoid (of

9



finite length) in the longitudinal z-axis of the solenoid (Fig. 7), applying the Biot-Savart law
[23]
NI 0.5l +z 0.5 -z

B, =1, — , 6
o JR2+(O.5I+2)2JrJR2+(O.5I—z)2 ©

where N is the count of the winding turns, I is the current through the solenoid (A), R is the
radius of the winding (m), | is the total winding length (m), and z is the distance from the
center of the solenoid on the axis of the solenoid (m). This equation is valid if the solenoid
winding is wound homogeneously along the whole length and is not interrupted. An axial
magnetic field can be generated by the solenoid.

Fig. 7 Cross-sectional view of the solenoid.

1.2.2 Helmholtz-type solenoid

Two approaches can be used in the analytical design of a Helmholtz-type solenoid. The
first approach is based on the Biot-Savart law, from which equation (6) can be obtained for
determining the MFD of a long thin solenoid in the longitunidal z axis of the solenoid. It is
necessary to subtract one solenoid from another in order to calculate the MFD - the internal
solenoid with number of turns N, and length 1,, which represents the empty turns, has to be
subtracted from the external solenoid with number of turns N; and length I, of the winding,
including the empty turns between the two Helmholtz-type solenoid windings (Fig. 8). The
equation for MFD inside the Helmholtz-type solenoid is then

Bz = le - BzZ (7)

10



Nz, I

Fig. 8 Helmholtz-type solenoid

After substituting into (7), we obtain the equation for calculating the MFD inside the
Helmholtz-type solenoid as

N, I 0.5, +z 0.5, —z
B, = 1, _
21, \/RZ (0.51, + z)° \/R +(0.5, — z)°
(8)
N,I 0.5, +z 0.5, —z
_,Uo
\/R +(051, +z)* \/RZ (0.5, — z)*

Equation (8) will be simplified for calculating the MFD in the center of the solenoid (z =0) as

6. M=)t 081JR7 (051, ~051, R + 051, ) ©)
Z JR® + (051, XR +(051,)°)

A second option is the calculation published, for example, in [24], which also offers the
possibility of calculating the MFD in the p axis perpendicular to the z axis of the solenoid.
The vector of magnetic field B inside the single-layer solenoid can be described by the
equations

|1_|2

4

u u u u
Bzzyolakc[ljtszZZij‘lR“+k6R%+k8R‘;+...}, (10)

R4
where | (A) is the current through the solenoid, a is the number of turns to one meter, R (mm)
is the radius of the winding, ks, k2, ks and ks are values dependent on the geometry of the
solenoid (some of them, and a recurrent formula for calculating others, can be found in [24]),
and uy, ug, V2 and vy are functions of the coordinates derived from the Legendre polynomials.
In addition, all odd constants k;, ks,... are equal to zero due to symmetry. Generally, after
substituting for u,, ug, Us, V2, V4 into equations (10) and (11), we obtain

B, = sl ok, [ k ?—k —j (11)

11



2

21° - p 82° —242% p® +3xp* .

1+Kk, R? +k, 3R’
162° —1202* p* +902° p* —5p°
B, = i lok | +k, 6R° + : (12)
282° —17922°p® +3360z" p* —9702%p°® +35,°
+ kg . +...
128R
2p 2p\4z2° —3p?
Bp =y0|akc —kZF—k‘l(ZT)—... y (13)

where z (mm) and p (mm) are cylindrical coordinates with their origin in the center of the
solenoid, and z is the coordinate in the direction of the longitudinal axis of the solenoid.
Values ks, ks, ks from (12) and (13) can be calculated and, by solving the non-linear equations,
dimensions can be found such that the solenoid can be designed with k; = 0 (a solenoid with
homogeneity of the 4th order — a Helmholtz-type solenoid). Alternatively, a solution can be
found where k; = ks = 0 (a Garrett solenoid) or k, = ks = ks = 0 (a Barker solenoid).

1.2.3 Garrett solenoid

A modification of the solenoid described in 1.2.1 is the Garrett solenoid [25] (Fig. 9). This
type of single-layer solenoid has better homogeneity than the more common Helmholtz
solenoid. This solenoid has 3 sections of windings of the same diameter connected in series:
the middle section with length 21 with current density a and side sections with length Ii-1 with
a current density per length unit a,>a. Different current densities can be achived by different
pitch values of the winding. However, this is not easy to realize in practice. Different current
densities can also be realized by having additional sections of turns placed on the two ends of

PN )
a

Fig. 9 Cross-sectional view of the Garrett solenoid.

the solenoid. For a certain ratio of ok/a, it is possible to find I/R and I«/R values such a Garrett
solenoid can be realized with homogenity of the 6th order. Tabulated values for different
ratios can be found in [26].
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1.2.4 Barker solenoid

The Barker solenoid consists of 4 symmetrically arranged sections of the same radius
(Fig. 10). The internal sections are I.-1; in length, and the external sections are 14-I3 in length.
The gap in the middle of the solenoid is 2I; in length. The gap between the external and
internal sections is Is-l; in length [27]. For a certain ratio of I1/R, it is possible find I./R, Is/R
and 14/R values such that a Barker solenoid can be realized with homogeneity of the 8th order.

P/
‘ <>
Iy R
|2 :
[ DR I_4 ___________________ :_ ___________________ é _________________ I DR i
I 2
’ | e

Fig. 10 Barker solenoid.

The difficulty lies in finding ratios of 11/R, I2/R, 13/R and 14/R that will suit the integer number
of turns of individual sections of the winding. The current value and the pitch value of the
winding are the same in all sections of the Barker solenoid. A comparison of the homogeneity
between Helmholtz coils and the Barker solenoid is presented in [28]. Values for some of the
different section ratios can be found in [24].

1.2.5 Massive solenoids

The vector of magnetic field B inside a multi-layer solenoid can be described by
components B, and B, as

| u u

B, =y0/lS—Rmkj[l+ sz—22+k4—1+...j, (14)
d in in
I v v

Bp =luoﬁ,S—Rinkj[—sz—zz—k‘lR—t—...j, (15)
d in in

where po (H/m) is a constant of magnetic vacuum permeability, I (A) is the current through
the solenoid, Sq (mm?) is the cross section of the wire that is used, A is the filling factor, Ri,
(mm) is the inner radius of the winding, k;, k> and ks are values dependent on the geometry of
the solenoid (some of them can be found in [24]), and uy, u4, V2 and v, are functions of
coordinates derived from the Legendre polynomials. All odd constants ki, ks, ... are equal to
zero as a result of symmetry. After editing and substituting for u,, us, V2, V4 Into equations (14)
and (15), we get

I 272 — p? 8z% —247%p? +3p"
B, :ﬂo/ls_Rinkj[1+k2 2R2p +k, SRf £ +"'j’ (16)
d i in

in
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I Zp 2,0(422 —3p2)
szin/lgRinkj _sz_ii_k‘lT_.“ y (17)
where z (mm) and p (mm) are cylindrical coordinates with their origin in the center of the
solenoid and z is the coordinate in the direction of the longitudinal axis of the solenoid. We
can approximately determine the magnetic flux density value and the homogeneity inside the
solenoid by substituting for coordinates z and p into (16) and (17). The solenoid can be

Fig. 11 Cross-sectional view of the Montgomery solenoid.

designed, for example, with k; = 0 (a Helmholtz-type massive solenoid), for better
homogeneity.

A Montgomery solenoid is one of the massive (multi-layer) solenoid types. It can be used
for generating a higher value of the magnetic flux density (up to 100 mT) in the center of the
solenoid. The magnetic flux density can be calculated using the superposition of two
concentric massive coils (the smaller coil with inner radius Ri,, outer radius R; and length Iy;
the larger coil with inner radius Rj,, outer radius R, and length 1,) with rectangular cross-
sections with identical current densities in the winding, but with opposite directions of the
currents, while the winding of the smaller coil is contained in the space of the larger coil [29].
This solenoid can be designed with k; = k4 = 0 for better homogeneity.

I

Fig. 12 Cross-sectional view of the Girard-Sauzade solenoid.
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In the realization of this type of massive coil, the shape of the frame is omitted by the
winding in the space of the smaller coil, symmetrically in the middle of the length at the inner
edge of the winding area. The remaining space, according to the shape of the frame, is
homogeneously filled with the winding (Fig. 11). Tabulated values for different ratios can be
found in [30] or [24]. Another type of massive solenoid is the Girard-Sauzade solenoid [31].
This type of massive solenoid can also be calculated using the superposition of two concentric
massive coils, like the Montgomery solenoid — the smaller coil with inner radius Ri, outer
radius R, and length 1y; the larger coil with inner radius Ri,, outer radius R, and length I,
(Fig. 12). This solenoid can be also designed with k; = ks = O for better homogeneity.
Tabulated values can be found in [31], [24].

These massive solenoids are very useful for generating homogeneous, high DC magnetic
flux density. However, they are generally not suitable for generating AC magnetic flux
density, due to the high impedance value.

1.3 Sources of high magnetic fields

A magnetic flux density value B in the range of uT up to several tens of mT can be
generated by the coil standards described in Chapters 1.1 and 1.2. An electromagnet had to be
used when a higher magnetic flux density value needed to be generated. The typical C-shape
of the electromagnet yoke is presented in Fig. 13. The homogeneity of the magnetic flux
density B inside the air gap depends especially on the parallelism of the pole caps, on the
shape of the yoke, and on the homogeneity of the yoke material that is used. The maximum
AC-generated B value depends especially on the material of the yoke (on its total losses and
on its maximal saturation value) on the length of the air gap, on the impedance of the winding,
and on the power source that is used. The design of the AC electromagnet is described in
Chapter 5.

pole caps

%\/

winding

yoke

Fig. 13 A C-shaped electromagnet.
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Other ways to generate a high B value (from a few T up to several tens of T) can be with
the use of a Bitter electromagnet (also referred to as a Bitter solenoid or as a resistive
electromagnet) or with the use of a superconducting solenoid. A Bitter solenoid is constructed
of circular metal plates made from conducting material (Bitter plates) with insulator plates in
between stacked in a helical configuration. The Bitter solenoid requires a high drive current
value (several tens of kA). This current flowing through the plates generates enormous
mechanical pressure produced by the Lorentz force, and dissipates large quantities of heat
(Fig. 14). The solenoid is cooled by water circulating through the holes in the plates [32],
[33]. A Bitter electromagnet can generate an axial magnetic field. However, if the plane of
each turn of the conducting coil is rotated with respect to the central axis, a transverse
magnetic field can be generated [34]. It can be tricky to use a Bitter electromagnet in an AC
application, due to the eddy currents generated by the AC current passing through the metal
plates.

A superconducting solenoid is wound by a superconducting wire (e.g. niobium-titanium).
The winding of a superconducting solenoid must be cooled down to cryogenic temperatures
during operation. The winding has no electrical resistance in its superconducting state, and
can therefore conduct much higher currents than an ordinary wire. A superconducting
solenoid can generate higher magnetic fields than a non-superconducting electromagnet. A
disadvantage of commercial superconducting solenoids (5 T and more) is the high inductance
value (several H), which means a very high impedance value for AC applications.
Superconducting solenoids can be made as a room-temperature (cryogen-free) bore solenoid
system with radial or axial access, or with multi-axis access (see Fig. 15).

caaling water current

s ]

. ") copper plate

insulator

Bitter-magnet

Fig. 14 Schematic principle of the Bitter electromagnet [from the website of
The High Field Magnet Laboratory (HFML) of Radboud University, Netherlands].
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Fig. 15 Standard split pair magnets provide both axial and transverse field access [from the website of
Cryomagnetics, Inc., USA].
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2 State of the Art

2.1 AC coil standards

Generating a stable, homogeneous reference AC magnetic field is important not only for
traceable calibrations of AC magnetic field analyzers with a 3-axis coil probe (e.g., EFA 300,
C.A. 42), but also for many types of biomedical applications, and for EMC testing.

Solenoids are widely used for generating the AC magnetic field in biomedical experiments.
Some studies have described the use of a single-layer solenoid (water cooled) for magnetic
hyperthermia applications at a frequency of 300 kHz with variable magnetic flux density up to
11 mT [35], in the frequency range from 10 kHz up to 1 MHz with magnetic field amplitudes
up to 5 mT [36], or at a frequency of 500 kHz with a peak magnetic field value of 11 mT [37].
A water-cooled double solenoid exposure system for in-vitro studies is presented in [38]. A
magnetic flux density of about 125 mT (peak-to-peak) at a frequency of 150 kHz can be
generated for biomedical applications. A solenoid for exposure of radish seeds with a
magnetic field of 6 mT at 50 Hz can be found in [39]. A description of a different type of
solenoid for AC magnetic flux density generation — a multi-layered laminated eddy-current
type of solenoid — can be found in [40]. The laminated plate coil type and the whirled coil
type are presented. The laminated plate coil type is suitable for use in low voltage and a high
current. The whirled coil type is suitable for use in high voltage and with a small current. Both
types can be used in the frequency range up to several kHz.

Helmholtz coils, as a magnetic flux density standard in various sizes and designs, are
widely used in sensor calibration for generating a reference AC magnetic field in a wide
frequency range — up to 25 uT at 100 kHz [41], up to 0.1 mT at 120 kHz [42], or up to 0.4 uT
at 200 kHz [43] - or for a single frequency value — up to 0.4 mT at 60 Hz [44], up to 9 pT at
50/60 Hz [45], up to 200 pT at 60 Hz [46]. The design of the MFD standard should meet the
requirements for the amplitude value and the frequency range of the generated magnetic field
for occupational and general public exposure levels [47], and also for homogeneity in the
volume of the probe size [48]. Helmholtz coils can also be used in biomedical research [49]-
[54] and in EMC testing [55]-[56]. Square Helmholtz coils with a side length of 1 m, with the
constant about 1.1 uT/A, with a zig zag winding structure and with a usable frequency range
up to 50 kHz are discussed in [57].

Multi-coil systems are used when a larger area of homogeneous magnetic field is needed
for a research application. Examples of the use of Merritt coils in biomedical applications can
be found for generating a magnetic flux density of about 80 uT [58] or 10 mT [59] at 50 Hz,
for generating 3.4 mT [60] or 0.2 mT [61] at 20 kHz, or for generating 2 mT at 60 Hz [62].
Rubens coils for generating magnetic flux density up to 1.7 mT up to 60 Hz [63] and the
Braunbek coil system for generating pulsed magnetic flux density of 4 uT at 5 Hz [64] have
also been presented.

2.1.1 Multi-layer AC coil standards at CMI

Two massive multi-layer Helmholtz solenoids with a textit frame, for sensor calibrations,
are used at CMI in the low frequency range. A cross-sectional view is presented in Fig. 16.
The parameters and the dimensions of these two coil standards are listed in Table 1. The
design of these coil standards was calculated according formulas (16) and (17). Both coil
standards were wound with enameled copper wire 2 mm in diameter. The value of the coil
standards constant was determined by the nuclear magnetic resonance (NMR) method with
flowing water as (8.1424 + 0.0033) mT/A (No. 051) and (1.94428 + 0.00097) mT/A

18



(No. 052). Coil standard No. 51 was fabricated for Hall probe calibration at a frequency of
50 Hz. A Brus value of 20 mT at 50 Hz can be generated by means of coil standard No. 051.
A resistance value of 2.8 Q, an inductance value of 93 mH and a resonance frequency value
of 52 kHz was determined. Coil standard No. 052 was manufactured for calibrating magnetic
field analyzers with a 3-axis coil probe (e.g. EFA 300, ELT 400). This solenoid can generate a
maximum magnetic flux density value of 7 mT at 50 Hz for a relatively short period of time
(about 2 minutes), and can be used up to 2-3 kHz. A resistance value of 2.6 Q, an inductance
value of 69 mH and a resonance frequency value of 28 kHz was also determined. The
homogeneity values were measured experimentally using special search coil EP 601 with a
suppressed octupole (see Chapter 2.1.3), and the results for the theoretical and measured
homogeneity values are presented in Fig. 18 and Fig. 19. The search coil was moved from the
center on the z and p axis, and the true homogeneity value was calculated from the change in
the measured output voltage.

Table 1. Dimensions and parameters of coil standard No. 051 and No. 052.

N N R R S
standard | (mm) | (mm) | (mm) | (mm) layer layers (MT/A)
No. 051 76 184.8 50.1 18 25 27 8.2
No. 052 238 286 53.4 82.8 26 12 1.9

De

winding

L M L

Fig. 16 Cross-sectional view of the massive Helmholtz-type solenoid.
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homogeneity (%)

Fig. 17 Helmholtz-type solenoid standard No. 051.
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Fig. 18 Theoretical and measured values of the homogeneity of solenoid No. 052 on the z-axis.
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Fig. 19 Theoretical and measured values of the homogeneity of solenoid No. 052 on the p-axis.

Fig. 20 Helmholtz-type solenoid standard No. 052.
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2.1.2 Thin AC solenoid standards at CMI

Two thin solenoid standards are used at CMI: a Garrett solenoid with a textite frame and
with a constant with a nominal value of 0.46 mT/A (Fig. 21), and a Barker solenoid with
4 sections of winding on a quartz frame (Fig. 22), with a nominal value of 0.6 mT/A. The
value of DC constant of the coil standards was determined by the NMR method with flowing
water as (0.4627 + 0.0033) mT/A (No. 8003) and (0.64428 + 0.00097) mT/A (No. 8701).
Garrett solenoid No. 8003 was wound with enameled copper wire 2.8 mm in diameter. This
solenoid has an inner diameter of 190 mm, length of 440 mm, resonance frequency 84.5 kHz,
and it can be used for Brus generation up to 4 kHz. Two identical Barker solenoids were
realized, and one of them is a part of the national standard for DC magnetic flux density [65].
The Barker solenoid with inner diameter of 162 mm, length of 228 mm and resonance
frequency of 280 kHz can be used for Brms generation up to 20 kHz. It was wound with pure
copper wire 0.8 mm in diameter. The homogeneity of the two solenoids is presented in Fig. 23
and Fig. 24.

Fig. 21 Garrett solenoid standard No. 8003.

Fig. 22 Barker solenoid standard No. 8701.
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Fig. 24 Theoretical and measured values of the homogeneity of Barker solenoid No. 8701

on the z-axis.

The differences between the theoretical homogeneity and the measured homogeneity of the
Garrett solenoid were probably caused by small differences in the winding of the turns. The
differences between the theoretical homogeneity and the measured homogeneity of the Barker
solenoid was caused by an adjustment to the winding — one turn from each side was removed.

2.1.3 Search coils at CMI

Search coils are commonly used to make precise measurements of the AC or pulsed
magnetic flux density. Search coils can also be used in calibrating the AC constant of coil
standards. The theoretical background of the search coil design can be found in [24], [66]. If
the search coil has only a dipole character (other multipoles are perfectly suppressed), the
search coil measures the magnetic field at the center point. The system of axially symmetric
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conductive loops with area turns NA passed by current | can be described by the magnetic
moment m = I-NA, which is a vector quantity describing the magnetic dipole of the search
coil. In the real case of a system of loops, an accurate description is a series of multipoles with
multipole constants po, p1, P2, P3,---» Pn- A multipole with constant po equals zero, because of
the absence of a magnetic monopole. A multipole with constant p; is an elementary magnetic
dipole; p; is the area turns for a coil. A multipole with constant p; is a quadrupole that equals
zero, and all even multipole constants are equal to zero, due to the symmetry of the system.
The third multipole, with a constant of ps, is an octupole, etc. The influence of the higher
multipoles (their participation in the magnetic field generated by the coil) declines with
distance. The influence can be significant in real distances (e.g. a 5 - 10 multiple of the
dimensions of the coil). For this reason, we attempt to suppress the higher multipoles,
especially ps, when designing the search coil. The search coils used in the calibration method
described above are designed as symmetrical cylindrical windings — the constants of the even
multipoles are zero. For a single-layer search coil, the constant of an octupole is zero, when
we choose the ratio of the length of the coil to the diameter ¥3/2. This ratio can also be used
for the multi-layer search coil, but the thickness of the windings must also be taken into
account. Several different search coils types (single-layer and multi-layer) with a cylindrical
frame and a suppressed octupole were fabricated at CMI (Fig. 25). Their parameters can be
found in Table 2.

Fig. 25 Special search coils (from left): EP 02/95, K,,, EP 01/00 and EP 601.

Table 2. Dimensions and some of the parameters of the special search coils used at CMI.

Cail Cail . - Usable

Search Frame inner outer Coil V\/_|nd|ng DC frequency

. . . . length | thickness | constant

coil material | diameter | diameter (mm) (mm) (m?) range
(mm) (mm) (kH2z)
EP 02/95 | PTFE 50 74 52.4 6 5.2325 0.050
Ki textit 18 46 40 7 1.3312 up to 3
EP 01/00 | PTFE 39.8 41 80 0.6 0.045394 2-100
EP60L | PTFE 16 24 18 2 0.14752 “ﬁ;"zl
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2.2 AC electromagnets

There was no AC electromagnet for use in Hall probe calibration at CMI before the work
presented in this dissertation began. There are commercial AC electromagnets with a C-frame
configuration, produced by GMW company, that generate an AC MFD amplitude ofupto 1 T
at very low frequencies (below 10 Hz) through a 32 mm air gap with a square pole face of
(32x32) mm [67], or that generate an amplitude of 70 mT up to 10 kHz through a 35 mm air
gap with a pole face diameter of 46 mm [68]. The GMW 5403 electromagnet has been applied
up to 4 mT for frequencies up to 50 Hz [69]. A small toroidal electromagnet with a ferrite
core and with an air gap of 7.5 mm for generating amplitude up to 25 mT within a few
minutes for frequencies of about several hundreds of kHz is described in [70], (Fig. 26a). This
type of electromagnet can be used in biomedical applications. A different type of
electromagnet is presented in [71]. Here, two pairs of coils 11 cm in length are wound on iron
bars with enameled copper wire 0.41 mm in diameter. Amplitude up to 150 mT at 60 Hz can
be generated between the iron bars by means of this electromagnet.

lr’;»

b)

Fig. 26 a) an FE model of a gapped toroidal electromagnet with a ferrite core [70], and b) nested
Helmholtz coils formed by Bitter disks (b) [72].

A very interesting AC application of a Bitter coil can be found in [72]. This paper
describes the nested 2D Helmholtz coils design formed by Bitter disks (Fig. 26b). A strong
rotating magnetic field up to 200 mT at frequencies of several kHz can be generated by means
of this system without a need for cooling. The Bitter coil can also be used for generating a
pulse magnetic field of about 1.5 T [73].

Superconducting electromagnets can be used for generating an AC magnetic field, but only
at very low frequencies — e.g. a magnetic field value of (0.14 to 1.73) T can be generated at a
frequency of 0.05 Hz [74]. The development of a 2.5 T/100 kVA AC superconducting magnet
is presented in [75]. It has an inner bore diameter of 30 mm and is 60 mm in length. The
winding has 1050 turns in 14 layers, the inductance is 26 mH, and the coil constant is
16.6 mT/A. This magnet was wound by NbTi multifilamentary wires with artificial pins, and
could generate a peak value of 2.5 T at 60 Hz with a current value of 140 A.
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3 Thesis objectives

The main goal of this dissertation was to develop the new standards of AC magnetic flux
density to be used for expanding the calibration possibilities of Hall probes up to 1 T in the
low frequency range (up to 100 Hz) and the calibration possibilities of magnetometers up to
100 uT in the frequency range up to 100 kHz. These standards should have tracability to the
national magnetic flux density standard, which is kept at the Department of Electromagnetic
Quantities of CMI.

To achieve this main goal, it was necessary to:

Design and realize a single-layer coil standard for generating AC magnetic flux
density up to 100 kHz.

Develop a setup with the single-layer coil standard for generating AC magnetic flux
density up to 100 uT in the frequency range up to 100 kHz.

Develop a method for calibrating the coil standard up to 100 kHz.

Design and realize the AC electromagnet for generating the AC magnetic flux
density up to 1 T in the low frequency range.

Design and realize the special search coil for precise measurements of the AC
magnetic flux density inside the air gap of the AC electromagnet.

In addition, there is a discussion about the use of AC magnetic flux density standards in
metrology. An AC electromagnet made from amorphous material for expanding the frequency
range of the AC magnetic flux density up to 1 kHz is also presented.
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4 Setup for generating an AC magnetic flux density value up to
100 kHz

4.1 Single-layer Helmholtz-type solenoid

A single-layer Helmholtz-type solenoid was designed for generating an MFD value up to
100 kHz. The solenoid was designed analytically using formulas described in 1.2.2, and also
by the FEM method, using FLUX 3D software, which is described in [J1]. A single-layer
Helmholtz-type solenoid No. 1201 was produced (Fig. 27). The frame with an inner diameter
of 285 mm was made from glass epoxy, with a refined groove and with a turn pitch of
1.8 mm. The turn pitch was chosen large enough to reduce the influence of the parasitic
capacitance of the winding. The winding was wound with enameled copper wire 0.75 mm in
diameter. The winding is terminated by the BNC connector. The solenoid was calibrated by
direct comparison with the national MFD standard. The original calibrated solenoid DC
constant of 0.105497 mT/A was determined with expanded uncertainty of 0.05% for k = 2. As
stated in Table 3, the relative difference dorg (the difference between the theoretical value in
the center of the solenoid and the original calibrated value Calibration ORG) is in the range
from 0.21% to 0.36%, depending on the method that is used. After several months, it was
found that the coil winding had been wound with insufficient tension. It was therefore re-
wound. A new calibration was made after this, and the relative difference darr (the difference
between the theoretical value in the center of the solenoid and the new calibrated value
Calibration AFT) is in the range from 0.04% to 0.19%. A real winding DC resistance value of
2.51 Q and an inductance value of 600 yH was measured by the digital multimeter and by the
LCR meter. The full, detailed characterization of the solenoid is presented in [J1].

Table 3 A comparison of the theoretical DC values of the magnetic flux density in the center of the
solenoid with the calibrated original value (Calibration ORG) and the new calibrated value
(Calibration AFT) after rewinding the winding.

Calc. (9) | Calc. (12) | FLUX 3D | Calibration ORG | Calibration AFT
B 0.105724 | 0.105882 | 0.105808 0.105498 0.105683
(mT/A)
dora (%0) 0.21 0.36 0.30 0 -
OarT (%0) 0.04 0.19 0.12 - 0

The real homogeneity values were measured using special search coil No. EP 601 with a
suppressed octupole at a frequency of 50 Hz. The results for the theoretical values calculated
from (8), (12), (13) and by FEM (Fig. 28), and the measured homogeneity values, are
presented in Fig. 29 and in Fig. 30, at a distance of £40 mm. The search coil was moved from
the center on the z and p axes, and the true homogeneity value was calculated from the change
in the measured output voltage. The theoretical homogeneity values calculated from (8) and
(12) were the same.
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Fig. 27 Single-layer Helmholtz-type solenoid No. 1201.
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Fig. 28 MFD distribution in a solenoid model — a) DC analysis, b) AC analysis — 500 Hz.
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Fig. 30 Homogeneity inside the solenoid on the p-axis.

There are some methods that can be used to enable the frequency dependence of the MFD
generated by the solenoid to be determined. This dependency is usually quadratic, and can be
determined approximately from [76]
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2
Kpac = Kipe [14‘%}1 (18)
where Kppc IS the solenoid constant with a DC current value of 1 A (mT), f is the frequency of
the generated AC MFD (Hz), and f, is the resonance frequency value (Hz). The change of
Koac from Kype is 1% for f/f, = 0.1, and 4% for f/f, = 0.2. Formula (18) is then valid in its
approach for small changes of Kpac from Kppc. A resonance frequency value of 535 kHz was
measured using a digital oscilloscope. Alternatively, the frequency dependence of Kpac can be
measured directly by a special search coil with calibrated area turns. This method was also
used for precise adjustment of AC MFD in the solenoid. The special search coil design was
described in 2.1.3. The measurement method is described in detail in [66]. A special multi-
layer search coil No. K, with calibrated constant Ks = (1.3312 + 0.0011) m* was used for
measuring the adjustable magnetic field value inside a solenoid in the frequency range up to
3 kHz. A single-layer search coil No. EP 01/00 with calibrated constant Ks = (0.045394 +
0.000036) m” was used for measuring the magnetic field value inside the solenoid in the
frequency range from 3 kHz up to 100 kHz.
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Fig. 31 Frequency dependence of the solenoid constant.

For a sinusoidal waveform, the adjusted amplitude value of MFD B, (or effective MFD value
Brwms) inside the solenoid is then calculated from

Brus = 19
=t (19)
UAVG
=== 20
"AKf (20)

where Ugrwms Is the RMS value of the output voltage of the search coil, which we measured
using an Agilent 3458A digital multimeter, Uayc Is the arithmetic mean value of the output
voltage of the search coil, which we measured using a Keithley 2001 digital multimeter, Ks is
the value of the constant of the search coil, and f is the frequency, which we measured with an
HP 53131A digital counter. The frequency dependence of the solenoid constant calculated
from (18), calculated by FEM in FLUX 3D and measured by special search coils is shown in
Fig. 31. The relative difference of the calculated values from the measured values is less than
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0.6% in the frequency range up to 500 Hz, and is in the range from 0.25% up to 0.7% in the
frequency range from 3 kHz up to 100 kHz. Only the constant value at 100 kHz calculated by
FEM has a relative difference of about 2% from the measured value. The AC MFD amplitude
value up to 140 pT up to 40 kHz and 40 pT at 100 kHz inside the solenoid can be
measured/set in the frequency range of (3 to 100) kHz, using a power amplifier only.

4.2 Generating an AC magnetic flux density value up to 100 pT

Because the impedance of the solenoid described above is directly proportional to the
frequency (e.g. 386 Q at 100 kHz), an increasingly higher voltage is needed for higher
frequencies. A straightforward solution is to use a high-voltage high-frequency amplifier [38].
However, these devices are not only expensive but also inefficient, because the energy stored
in the magnetic field has to be dissipated in each cycle. A serial resonance effect can be
exploited to minimize the required voltage range of the amplifier [77]. An 11-bit
programmable capacitor array (PCA) was designed, which was then connected in series with
the solenoid to create an LC tank circuit (Fig. 32). This enabled an AC amplitude MFD value
of 150 uT to be created even at 150 kHz. A detailed description of PCA design can be found
in [J2]. Because the output voltage of the EP 01/00 single-layer search coil is very small at
lower frequencies — due to the small area turns value — tests were performed to extend the
frequency range of multi-layer search coil K,;. For this purpose, a transimpedance amplifier (a
current-to-voltage convertor) was constructed that enabled to measure the current from the
search coil. The transimpedance amplifier had an input impedance of 0.11 Q, which was low
enough not to influence the measurement. Shorting the output of the coil reduces the effect of
its parasitic capacitance and greatly expands the upper range of usable frequencies. At angular
frequencies much larger than the ratio of coil series resistance to coil inductance, the output
voltage is independent of frequency [78].

9200 pF

Fig. 32 Programmable capacitor array PC1101.
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The measured/set value of By, is then calculated from (21),
_ USC Ls
" I:\)Z KS ,
where Usc is the output RMS voltage of the transimpedance amplifier, Ls is the search coil
inductance value, Rz is the value of the transimpedance gain, and Ks is the value of the
constant of the search coil. The design and the parameters of the transimpedance amplifier are
described in [J2]. Using the transimpedance amplifier, the resonance frequency of the multi-
layer search coil was measured, and was found to be 405 kHz. The equivalent parasitic
capacitance value was then reduced to about 6 pF. This increase should allow the multi-layer
search coil to be easily used up to 40 kHz. However, a search coil with a transimpedance
amplifier has also a low corner frequency, below which the frequency reponse is not flat.
Generating an AC amplitude MFD value of 150 uT (or generating an AC RMS MFD
value of 100 uT) was tested using the PCA and a multi-layer search coil with a
transimpedance amplifier (see Fig. 33). Measurements were carried out with a sinusoidal
waveform up to 150 kHz and for a current value of 1 A and 1.5 A through the solenoid
(Fig. 34, 35). The uncertainty evaluation is described in [J2]. The AC amplitude MFD
value inside the solenoid can be measured/set up to 150 uT up to 140 kHz or 230 pT up to
120 kHz with expanded uncertainty of (0.2 to 1.0)% for k = 2 for frequencies up to
150 kHz (Table 4).

B (21)

Table 4 Relative expanded uncertainty (k = 2) of the AC amplitude MFD value measured/set in
the center of the solenoid using formula (20).

Frequency (kHz) |0.1| 3 | 10 | 50 | 100 | 150
Uncertainty (%) [ 0.2 0.2 0.25|0.3| 0.6 | 1.0

Table 5 Relative expanded uncertainty (k = 2) of the AC RMS MFD value measured/set in the
center of the solenoid using formula (19).

Frequency (kHz) |0.1| 3 | 10 | 50 | 100 | 150
Uncertainty (%) | 0.20.2|{0.2|0.25| 0.3 | 0.6

An AC amplitude MFD value of 110 uT can be generated at a frequency of 150 kHz for
a short period of time. The AC RMS MFD value can be measured/set with expanded
uncertainty of (0.2 to 0.6)% for k = 2 (Table 5). The differences of the measured values
using the EP 01/00 single-layer search coil in comparison with multi-layer search coil K;,
were smaller than 0.25% in the frequency range from 1 kHz to 3 kHz. Search coil K;; can
be used with the transimpedance amplifier from 2 kHz (the search coil low corner
frequency is 1.2 kHz) up to 30 kHz (the differences the from measurements with the
EP 01/00 search coil are lesss than 0.28%), with expanded uncertainty of 0.4% for k = 2.
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Fig. 34 Measured AC amplitude MFD value for a current value of 1 A.
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Fig. 35 Measured AC amplitude MFD value for a current value of 1.5 A.
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4.3 Methods for AC calibration of a single-layer Helmholtz-type solenoid

AC calibration of the coil standard involves determining the frequency dependence of the
coil standard constant. This is needed in order to generate the AC magnetic flux density
precisely. Methods that were applied involve using a search coil in quite different ways. In
[79], a method is presented where the induced voltage from the search coil and the voltage
drop on the AC resistor, which correspond to the current through the coil standard, are
measured by the same digital voltmeter. A combination of these two voltage values measured
at the same frequency gives the mutual inductance between the search coil and the magnetic
field as a function of the frequency. This can be applied, provided that the value of the AC
resistor does not change within the given frequency range. The expanded uncertainty (k = 2)
is 0.2% in the range up to 30 kHz. The main part of the system described in [80] is a low-
frequency magnetic field converter. The main application of the converter is in precise
conversion of the measured AC magnetic flux density to AC voltage [81]. This means that the
converter with an AC voltmeter can produce precise measurements of the AC magnetic flux
density. The converter output voltage and the voltage of a standard resistor (by which the
current through the coil standard is measured) is then compared by the voltage comparator.
The expanded uncertainty (k = 2) is less than 0.2% in the range of 1 Hz to 20 kHz.

The frequency range is mostly limited by the frequency dependence of the constant of the
search coil, and also by the AC resistor that is used. This paper will present an analysis of
methods that can be used for calibrating the coil standard up to 100 kHz. In addition, the
frequency dependence of the search coils will be calibrated and verified in special Helmholtz
coils.

4.3.1 Description of methods

A method using two search coils with nominally the same values (Method 1)

Fig. 36 presents a method using two search coils, S; and Sy, with nominally the same
values. One search coil is placed in calibrated coil standard X, and the other one is placed in
coil standard E; the frequency dependence of constant Kg is well known. The two coil
standards are positioned three meters apart, and they are connected in series, so that they carry
the same current during the measurements. RMS voltages U; and U, which are induced in the
two search coils S; and S, with constant Ks; and Ksp, are measured by means of a 3458A
digital multimeter. The current | through the two coil standards is measured as the voltage
drop Ug on the AC current shunt R, using a 3458A digital multimeter. Current | is measured
for information only. Assuming a sinusoidal waveform, the constant of the calibrated coil
standard is calculated from the equation
_YoKaKe

UlKSZ
This procedure can also be repeated after transposing the search coils. The coil factors of the
search coils can be eliminated from the results, when the geometric mean value (23) is used
(Kx1 is the value calculated from (22) before transposing the search coils, and Ky, is the
calculated value after transposing the search coils).

IZx =4 Kx1Kx2 (23)

The unchanged type B uncertainty of the voltmeters can be eliminated in a similar manner by
transposing the voltmeters. These transpositions may be advantageous, but the measurements
are lengthened and they are complicated. This method also needs a lot of space for
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implementation.

In a modified method, the voltages induced in the two search coils are compared by means
of inductive voltage dividers and a selective nanovoltmeter, and this procedure is repeated
after transposing the search coils to eliminate their coil factors from the result. This method
was used successfully up to 20 kHz during the CCEM.M.-K1 international key comparison
[82]. However, this modification cannot be used for higher frequencies, due to the high error
and the instability of the inductive dividers.

A method using a precise AC current shunt (Method 2)

The method presented in Fig. 37 involves measuring the RMS voltage Ux induced in
search coil S with constant Ks placed inside calibrated coil standard X, and measuring the
current | through the coil standard as the RMS voltage drop Ur across the AC current shunt R.
A precise AC current shunt with a known AC-DC difference and a search coil with the flat
frequency characteristic within a given frequency range is needed. Assuming a sinusoidal
waveform, the constant of the calibrated coil standard is calculated from the equation

UR

Ky=—¢+—+—.
42U K,
The influence of the parasitic capacitance of the connecting cable is negligible. A method
using a precise AC current shunt is much simpler, and a lower uncertainty value can be
achieved than by the method using two search coils with nominally the same values. This
method can also be used for search coil calibration when a coil standard with flat frequency
dependence of the constant within a given frequency range is used.

(24)

Uz

| power source | 3458A power source
O (@]
T S, (') Ux
\ANAS |
tvaad xS Ss | 3458A
| |
l Ur E l
3458A S VoV VoVe VNN Ur
S R 3458A
R 3458A |
U,

Fig. 37 Schematic diagram of the
method using a precise AC current
shunt.

Fig. 36 Schematic diagram of the method
using two search coils

Approximate formula (Method 3)

Another option is to use an approximate formula (18) that was described above.

4.3.2 Search coils

Two special search coils with cylindrical frames and suppressed octupoles were used for
calibrating the frequency dependence of the coil standard constant (Chapter 2.1.3). A single-
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layer printed-circuit-board (PCB) search coil 0.5 mm in thickness, 30 cm in length and with
dimensions of (10x10) mm was used for experimental measurements in the frequency range
of 50 kHz up 150 kHz (Fig. 38). It was possible to extend the usable frequency range of coil
standard calibration above 100 kHz, which was stated in [C2]. The design can be found in
Chapter 5.2 and in [J3]. The parameters of the search coils can be found in Table 6. When a
search coil is used far below its resonance frequency, it can be considered that the search coil
is frequency-independent in the described frequency range. Multi-layer search coil K;, can be
used up to 3 kHz. However, a change in its constant can be observed at a frequency of 3 kHz.
A transimpedance amplifier was therefore implemented to extend the usable frequency range
of this search coil. The frequency dependence of search coil K;; with the transimpedance
amplifier was measured with expanded uncertainty of 0.1%. Search coil K;, can be used with
the transimpedance amplifier from 2 kHz (the search coil corner frequency is 1.2 kHz) up to
30 kHz [J2].

Due to its resonance frequency, the EP 01/00 single-layer search coil can be used up to
100 kHz, and the single-layer PCB SC1L_30 search coil can be used up to 150 kHz, without
changing its constant. However, this needs to be verified by simulation and by measurement,
and to be compared with the calculated frequency dependence, according to (18). First, a
simulation by the finite integration technique (FIT) was performed using the CST Studio
environment. A low-frequency domain solver, full wave analysis and a tetrahedral mesh were
used for the simulations of the EP 01/00 search coil. Simulations of the PCB search coil have
been published in [J3].

Table 6 Parameters of the search coils.

Parameter Ky EP 01/00 SC1L_30
Frame material cotton-phenolic PTFE FR4
laminate (Textit)
Calibrated DC constant (0.045394 +
() (1.3312 £ 0.0011) 0.000036) (0.000860 + 0.000001)
Resistance
24.5 0.5 4
Q)
Inductance 26.3 mH 38.1pH 29 pH
Resonance frequency
(MH2) 0.0496 3.2 6.23
Parasitic capacitance 392 63 297
(pF)
Useful frequency range <3 2-100 50-150
(kHz)

The area turns value K of the simulated EP01/00 search coil was calculated from the
induced voltage Urms on a resistor of 10 MQ when the peak magnetic field strength value
H =10 KA/m (Bruvs = 8.888 mT) was applied perpendicular to the search coil, according the
formula

K :m_ (25)
27B s |
A 10 MQ resistor represents the input resistance of a common digital multimeter. However, a
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serious error in the area turns calculations was observed during the simulations in the CST
Studio when the 10MQ resistor was exposed to the applied magnetic field strength. The
shielding of the resistor was therefore needed. A shileding was therefore designed for the
resistor (Fig. 39, Fig. 40 and Fig. 41), with the following parameters: conductivity of
5.10% S/m, relative permeability of 50000, and a hollow cylindrical shape.

Special Helmholtz coils 25 cm in diameter and with 2x4 turns of shielded coaxial cable
wound on a wooden frame were used for calibrating and verifying the frequency dependence
of the search coil constant up to 150 kHz. The resistance value of the Helmholtz coils is
0.59 Q, the inductance value is 50.6 yH and the constant is (14.581 + 0.029) uT/A. The
measured resonance frequency of the Helmholtz coils was 2.6 MHz (shielding not grounded).

The method using the precise AC current shunt described above was used for
measurements of the search coil constant frequency dependence. The search coil wires for
connecting with the multimeter should be made from a shielded cable, and should have a
coaxial choke to reduce the common voltage. The shielding of the Helmholtz coils has to be
connected to the ground to eliminate parasitic capacitance between the search coil and the
Helmholtz coils, and to reduce the capacitance of the Helmholtz coils. Fig. 42 and Fig. 43
present the measured, calculated and simulated frequency dependence of the EP01/00 and
SC1L_30 search coils. The differences between the measured and simulated results are less
than 0.11% for EP01/00 in the frequency range up to 100 kHz, and less than 0.06% for
SC1L_30 in the frequency range up to 150 kHz. The differences between the measured and
calculated results are less than 0.15% for EP01/00 in the frequency range up to 100 kHz and
less than 0.05% for SC1L_30 in the frequency range up to 150 kHz. When the shielding is not
connected to the ground, a serious error in the induced voltage can been observed, especially
at frequencies above 50 kHz (Fig. 42), caused by the parasitic capacitance mentioned above.
This effect can be described by the frequency coefficient of the mutual inductance between
the connected search coil and the Hemholtz coils, using a simplified approach calculated as
[83]

C1L1+C2L2_

M =M, 1+ @’ c (L, —M,) (L, —My) | (26)
M Mo

where Cy, L; are the capacitance and the inductance of the Helmholtz coils, C,, L, are the
capacitance and the inductance of the search coil, Cy is the parasitic capacitance between the
Helmholtz coils and the search coil, and the mutual inductance My is calculated as

M, =k/LL,, (27)
where k is a coupling factor. The value of k can be calculated from formula (27), when the
value of My is measured, or it can be calculated as follows

_Y L
k_Ul\/; (28)

where U; is the RMS voltage across inductance L;, and U, is the induced RMS voltage at L.
The value of k = 0.0145 is valid when My is measured, and k = 0.0147 is valid when the value
is calculated according to (28). The value of Cy = 8.7 pF was measured using an LCR bridge.
The calculated dependence of mutual inductance M for search coil EP01/00 is presented in
Fig. 44. The change in the mutual inductance at 100 kHz is 0.1% when the shielding is
grounded (assuming a value of Cy = 0 and a value of C; that is reduced by one order
magnitude), and 1.3% when the shielding is not grounded. The corresponding measured
change of the EP01/00 constant at 100 kHz is 0.25% (shielding grounded) and 0.84%
(shielding not grounded). These results confirm the correctness of the setup for search coil
calibration and verification.
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Fig. 38 The SC1L_30 single-layer PCB search coil.

Fig. 39 A model of the EP 01/00 search coil in the CST Studio.

entl

Fig. 40 Resistor shielding design: cross-section view.
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Fig. 41 Resistor shielding design: the effect of shielding during the simulations when
Hpeak = 10 KA/m was applied.
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Fig. 42 Calculated, simulated and measured frequency dependence of the EP01/00 search coil.
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Fig. 43 Calculated, simulated and measured frequency dependence of the SC1L_30 search coil.
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Fig. 44 Relative change in the calculated dependence of mutual inductance M for the EP01/00
search coil.

4.3.3 Uncertainty analysis

Two AC coil standard calibration methods and one approximate formula for calculating the
frequency dependence of the coil standard have been described above.

The type A uncertainty (repeatibility) of these methods depends mainly on the stability of
the power source that is used, and on the repeatability of the multimeters. The stability of the
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power source is better than 0.02%, and the repeatability of the multimeters (3458A) is better
than 0.002%. The repeatibility value is better than 0.02%. The input quantities of the type B
uncertainty sources are assumed to be uncorrelated.

Uncertainty of method 1
The type B relative uncertainty of the method using two search coils with nominally the

same values, where the constant of the calibrated coil standard is calculated according to (22),
can be determined as

2 2 2 2 2 2 2 2
uBs :\/UKE +uSC1+uSC2 +uU1+uU2 +ud +uh1+uh2 (29)

where uke is the relative standard uncertainty of the calibration of the coil standard constant at
a given frequency value, usci and usc; are the uncertainties of the search coil constants, uy;
and uy; are the uncertainties of the search coil output voltage measurement, uq is the
uncertainty of the difference of the directional dependence measurements of the search coils,
and up; and up is the uncertainty of the influence of homogeneity inside the coil standard in
the volume of the search coils. The uncertainty of the search coil constants determined by
calibration with variable mutual inductance was 0.04%. The uncertainty value of uke can lie
in the order of tenths of one percent. The uncertainty of uy; and uy; depends on the digital
voltmeters that are used for the voltage value measurements. The value can lie in the order of
thousandths to tenths of one percent. The value of ug can lie in the order of hundredths to
tenths of one percent, and the value of uy;, un, can lie in the order of hundredths to tenths of
one percent [J2].

Uncertainty of method 2

The type B relative uncertainty of the method with a precise AC current shunt, where the
constant of the calibrated coil standard is calculated according (24), can be calculated as

Ug, = \/uf +US +US, +UZ, +US +UZ+UP (30)

where us is the relative standard uncertainty of the frequency, uyx is the uncertainty of the
search coil output voltage measurement, uyr is the uncertainty of the voltage measured across
the precise AC current shunt, ug is the standard uncertainty of the precise AC current shunt
value, usc is the uncertainty of the search coil constant, ug is the uncertainty of the directional
dependence measurement of the search coil, and uy, is the uncertainty of the influence of
homogeneity inside the coil standard in the volume of the search coil. The maximum
uncertainty value of the frequency measurement usually varies within tens of ppm. It can
therefore be neglected, because the other uncertainties are typically higher. The value of ugr
lies in the order of tens of ppm. The value of uyx and uyr can lie in the order of thousandths to
tenths of one percent.

The type B relative uncertainty of the method with a precise AC current shunt used for
search coil calibration is similar to (30), except that the relative standard uncertainty of usc is
replaced by the relative standard uncertainty of ukg, with the same meaning as previously.

Uncertainty of method 3

The type B absolute uncertainty of the results calculated from (18) can be determined as
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Ugy = l:(:u‘?JuKDc:I +(_%ufrj (31)

where ukpc is the uncertainty of the DC coil constant, and ug is the uncertainty of the
resonance frequency determination. The value of uxpc depends on the method used for the DC
coil calibration - at the CMI, we use a direct comparison with the national coil standard, or the
NMR method with flowing water (nutation method). This means that the value of uxpc can lie
in the order of hundredths of one percent. The resonance frequency value of the coil standard
can be determined by an LCR meter or by a method where the frequency value of the current
through the coil standard is changing, and the maximum value of the voltage on the coil
winding is measured by a digital oscilloscope. The value of ug can lie in the order of
hundredths of one percent. However, the uncertainty value ug,s is disputable, because it is an
approximate formula.

4.3.4 Experimental results

A single-layer Helmholtz-type solenoid, the design of which was described in Chapter 4.1,
was calibrated by methods 1 and 2. The current value through the solenoid winding was about
1 A for both methods. This means that the magnetic flux density inside the solenoid was about
105 uT. Two 3458A digital multimeters with an external trigger for measuring the voltages at
the same time were used for the voltage Ugr and Ux measurements. The multimeters were
switched after the first measurement to eliminate multimeter reading errors. The measured
frequency dependence was also compared with the frequency dependence simulated in
FLUX 3D, and with the calculated frequency dependence (method 3), according to formula
(18). A precise cage-type AC current shunt [84] with an AC-DC difference of (82 £+ 60) ppm
at 200 kHz was used. An early change in the K;; search coil constant can be seen in the range
of 2-3kHz (Fig. 45). However, the differences between the EP 02/00 results and the
calculated and simulated frequency dependence in the range of 3-20 kHz were larger than
expected. Differences of about 0.5% were probably caused by interferences, and by the lower
sensitivity of EP 02/00 in this frequency range. Search coil K;; with an 1/U converter was
therefore used in the range of 2-20 kHz. The 1/U converter increased the frequency range of
the Ky, coil up to 30 kHz. The disadvantages of the EP 02/00 coil were thus eliminated in this
range (see the results in Fig. 46). The relative difference between the measured values and the
calculated values is up to 0.25% in the frequency range up to 50 kHz; up to 1.2% in the
frequency range of 50-70 kHz; and up to 3.2% in the frequency range of 70-100 kHz. It is
evident that formula (18) can be used only up to 50 kHz in this case. The relative difference
between the measured values and the simulated values is up to 0.15% in the frequency range
up to 20 kHz; up to 0.35% in the frequency range of 20-50 kHz; and up to 0.5% in the
frequency range from 50 kHz up to 100 kHz. The SC1L_30 search coil has been used
experimentally for coil standard calibration in the range of 50 kHz up to 150 kHz. However,
the absolute difference was less than 2% in the range of 50 kHz up to 100 kHz and less than
7% at 150 kHz, in comparison with the values measured by EP01/00. These big differences in
the values were probably caused by ineffective reduction of the common voltage by the choke
that was used. This needs to be further investigated, and improvements need to be made, for
example by using a nanocrystalline material for the choke instead of a high-frequency ferrite
core. Expanded uncertainty (k = 2) from 0.2% to 0.35% up to 100 kHz (Table 7) can be
achieved by method 1 (using two search coils with nominally the same values). Expanded
uncertainty (k = 2) from 0.12% to 0.25% up to 100 kHz (Table 8) can be achieved by method
2 (using a precise AC current shunt). However, when search coil K;; with the I/U converter is
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used, the expanded uncertainty value is 0.25% in the range of 2-20 kHz, due to the
measurement uncertainty of the self-inductance of the K, search coil.

115,0
=+Method 3
simulated
-#-Method 2
110,0 -
g =+=Method 1
|_
2
m
X
105,0 4
100,0 T T T T
10 100 1000 10000 100000 1000000

f (Hz)

Fig. 45 Frequency dependence of the coil standard constant. The K, and EP01/00 search coils
were used for the measurements.
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Fig. 46 Frequency dependence of the coil standard constant. The K;; and EP01/00 search coils and
the K, search coil with an I/U converter were used for the measurements.

Table 7 The relative expanded uncertainty (k = 2) of coil standard calibration using method 1.

Frequency (kHz) | 0.05| 10 | 30 | 50 | 100 | 150
Uncertainty (%) | 0.20 | 0.20 | 0.20 | 0.25 | 0.35 | 0.80

Table 8 The relative expanded uncertainty (k = 2) of coil standard calibration using method 2.

Frequency (kHz) [ 0.05| 10 | 30 | 50 | 100 | 150
Uncertainty (%) | 0.12 | 0.12 | 0.12 | 0.2 | 0.25 | 0.55
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4.4 The use of coil standards in metrology

4.4.1 Calibration of AC magnetic field meters

The primary use of AC magnetic flux density coil standards is for calibrating AC magnetic
field meters. Calibrating the AC ranges of teslameters with a Hall probe involves inserting the
probe of the instrument into the coil standard, and then comparing the magnetic flux density
value measured by the instrument’s probe with the magnetic flux density value generated by
the coil standard, which is powered by an AC current [65]. The adjusted magnetic flux density
value is then calculated from the current value and from the coil standard constant determined
e.g. by the NMR method. However, the frequency dependence of the coil standard constant
(determined by one of the methods described in chapter 3) and its resonance frequency is
needed in order to make a correct calculation of the adjusted value.

AC magnetic field analysers with a 3-axis coil probe (e.g. ELT 400, EFA 300, C.A. 42),
which work on the principle of integrating voltage measurements, are widely used by health
and safety professionals, in service industries, and in manufacturing (Fig. 47). The calibration
of these instruments is therefore important. For these calibrations, we use a method with a
special search coil, which has already been mentioned above and is described in detail below.

Fig. 47 A magnetic field analyser with an ELT 400 3-axis coil probe (left) and C.A. 42 (right).
Pictures taken from the Narda Safety Test Solutions (ELT 400) website and from Chauvin Arnaux
website (C.A. 42).

The calibration method consists in comparing the measured values using a calibrated
instrument with values measured by a special search coil. The special search coil is designed
to achieve a good approximation of the magnetic dipole. Fig. 48 presents a schematic diagram
of instrument calibration. First, the search coil is placed in the center of a coil standard and the
output voltage of the search coil is measured by a digital multimeter. The coil standard is
powered from a generator and an amplifier, and the current I through the coil standard is
measured, using an Agilent 3458A digital multimeter, as the voltage drop Uy on the standard
resistor Rn. Current | is measured for information only. The adjusted magnetic flux density
value inside the coil standard is then calculated from (19) or from (20). Then the probe of the
calibrating instrument is placed in the center of the coil standard, and the measured value is
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Fig. 48 A schematic diagram of AC magnetic field meter calibration by making comparisons with
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the search coil.

recorded. The magnetic flux density sine wave also needs to be checked. The advantages of
this method are that the adjusted value inside the coil standard is precisely measured, it is not
dependent on the parameters of the coil standard, and only constant Ks and the resonance
frequency of the search coils need to be known. Only the influence of the magnetic field
homogeneity inside the solenoid needs to be taken into account. Examples of the results of
EFA 300 calibration are presented in Table 9 and Table 10.

Table 9 An example of EFA 300 calibration on all three axes separately

. Measured value of Brms by EFA
Frequency Set value Of Brms IN the 300 in direction
(H2) CMI coil standard (mT)

(mT) X Y z
0.200 0.198 0.197 0.199
0.400 0.398 0.397 0.397
0.600 0.594 0.595 0.597

50 0.800 0.790 0.794 0.794
1.000 0.987 0.990 0.992
3.000 2.962 2.968 2.990
6.000 5.944 5.960 5.951

Table 10 An example of EFA 300 calibration on the Z-axis (the axis of the coil standard)

Set value of Brus in the Measured value of Brms b
Fre(ﬁtlilezr)\cy CMI coil standard EFA 300 on the Z-axis g
(M) (M)
50.00 50.10
100.0 100.54
1 200.0 201.38
250.0 251.41
300.0 301.38
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Set value of Brus in the Measured value of Brums by
Fre(ﬁltilezr)\cy CMI coil standard EFA 300 on the Z-axis
(uT) (uT)
25.00 25.07
50.00 50.06
5 100.0 99.89
200.0 200.33
250.0 251.10
300.0 301.25
25.00 25.21
50.00 50.28
10 100.0 100.88
200.0 202.10
250.0 252.54
300.0 302.51
20.00 21.91
40.00 43.85
30 60.00 65.75
80.00 87.56
100.0 109.09
120.0 130.92

4.4.2 Calibration of search coils

Search coils are widely used for measuring AC magnetic fields, and in special cases for
measuring DC magnetic fields with a webermeter, and for comparing magnetic flux density
standards and magnetic flux standards. Multi-layer and single-layer search coils were used for
characterizing the solenoid in Chapter 2.1.1 and 2.1.2, and search coils are also used for AC
coil standard calibration (Chapter 2.1.3). Search coil calibration is therefore important, and
the use of a coil standard for magnetic flux density is crucial in search coil calibration.

Generally, there are several AC calibration methods for search coils. The first two methods
are based on compensating the magnetic flux from a search coil placed in a known reference
magnetic field (magnetic flux density coil standard) by variable mutual inductance (VMI) or
by the zero differential method (ZDM), where the magnetic flux standard with a calibrated
value is used [24], [85]. The frequency range is limited by the magnetic flux standard, or
especially by the variable mutual inductance that is used. At CMI, we have a Tinsley type
4229B variable mutual inductance and a special coil with double winding (mutual inductance)
with a nominal value of 10 and 100 mWHb/A as a magnetic flux standard. We need to know
the frequency dependence of the variable mutual inductance and the magnetic flux standard.
The frequency dependence was measured by comparison with a Sullivan universal inductance
bridge (type A.C.1100) from 40 Hz up to 10 kHz. The measured frequency dependence
results are shown in Fig. 49 and Fig. 50. It is obvious that variable mutual inductance and the
magnetic flux standard with a nominal value of 10 mWb/A can be used up to 1 kHz. If a
magnetic flux standard with a nominal value of 100 mWNhb/A is needed, the system can be used
up to 250 Hz only (according to Fig. 51). And, if AC calibrations are required, the lock-in
amplifier or an oscilloscope in XY mode is used as a null indicator.
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Fig. 49 Frequency dependence of Tinsley type 4229B variable mutual inductance.
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Fig. 51 Frequency dependence of the magnetic flux standard with a nominal value of 100 mWhb/A.
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Of course, the simplest method for AC calibration of a search coil is based on placing the
search coil in the center of a coil standard, and the output voltage of the search coil is
measured by a digital multimeter. The same method is used in AC magnetic field meter
calibration (Fig. 47) in Chapter 4.4.1. Assuming a sinusoidal waveform, constant Ks of the
calibrated search coil is then calculated as

Ky :m resp. Kg =UA¢ resp. Kg = Yave ' (32)
27Bryys f 4By f V2 48, f

where Urus is the RMS value, or Uayg is the arithmetic mean value of the output voltage of
the search coil, measured using a digital multimeter. Brms, Or By, is the adjusted RMS value,
or the maximum value of the magnetic flux density inside the MFD standard, and f is the
frequency measured by an HP 53131A digital counter.

There is another way that can be used for determining the constant of the search coil. If
there is no digital multimeter for measuring the arithmetic mean output voltage value, a digital
oscilloscope with mathematical functions (integration of the input signal) can be used. The
search coil output is connected to the oscilloscope, and if the voltage has a sinusoidal
waveform, integration on this signal can be applied. Then the amplitude of the magnetic flux
from one period of the integration waveform can be measured. The constant of the search coil
can then be calculated from

K — q)mRN
® KU N2

where @y, is the amplitude of the magnetic flux measured from one period, and Kg is the
calibrated constant of the MFD. The use of an oscilloscope is not very accurate, so this
method should be used only for indicative measurements.

If the impedance of the search coil is not negligible in relation to the input resistance of the
measuring device (the oscilloscope or the multimeter), it is necessary to make a correction to
the measured value of the output voltage. The actual voltage value induced in the search coil
is greater than the measured voltage value. The impedance of the coil to the input resistance
of the device consists of a voltage divider, so it is necessary to multiply the value of Ks by the
correction factor k, which is to be determined as

k — Rin +ZSC , (34)

Rin

where Rjy is the input resistance of the multimeter or oscilloscope, and Zsc is the impedance of
the search coil. As an alternative to measurements with an oscilloscope, we can also take
advantage of the direct measurement method of the AC magnetic flux effective or the
maximum value from the search coil. However, it is necessary to use a webermeter that is
able to measure the AC magnetic flux. However, most commercially-available webermeters
are not able to measure the sinusoidal waveform. The constant of the search coil can then be
calculated according to (33). Another option is to calculate constant Ks from the frequency
dependence of the coil constant, which can be determined approximately from equation (18).
The uncertainty value depends on the search coil calibration method that is used, and also on
the search coil parameters (constant value, resistance). The results of a comparison of the
methods for AC calibration of a search coil with a nominal constant value of 90 m* can be
found in [C1].

(33)

48



4.4.3 Calibration of loop antennas (monitoring loops)

Loop antennas (monitoring loops) are often used for recording (measuring) low frequency
magnetic fields up 300 kHz (Fig. 52). The anntenna factor Kae is determined by the
calibration as the ratio between the measured magnetic field and the voltage induced in the
loop. The loops can be calibrated in several ways. Firstly, a single transmit loop antenna is
used to generate a known magnetic field. The receiving loop is placed at a known distance
from the transmiting loop, and the output voltage is measured [86]. Secondly, the loop is
placed in the center of the Helhmoltz coils, which can generate a well-known defined
magnetic field H, and the induced voltage of the loop is measured [86], [87]. The voltage
from the loop is usually measured with a 50Q impedance load. The antenna factor can also be
calculated from the loop impedances [87].

Icgged 3
o

Fig. 52 An FESP 5133-7/41 monitoring loop (left) and an FESP 5134-40 monitoring loop (right).
Pictures taken from the website of Schwarzbeck Mess - Elektronik OHG.

The schematic diagram of the method in which Helmholtz coils (or other coil standards) are
used is similiar to the diagram in Fig. 47. A monitoring loop is placed in the coil standard
instead of the magnetic field analyzer. The induced voltage U from the loop is measured via
the 50Q impedance load by a 3458A multimeter. An example of FESP 5134-40 calibration is
presented in Table 11. The antenna factor AF is calculated as

AF =20 IogS dB(S/m) (35)

AF = 20l0g 11,10° S _ 20log S +1.9841 dB(pT/uV) (36)
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Table 11 An example of FESP 5134-40 calibration.

The value of the

S R T N

(kHz) CMI standard (dBuV) dB(S/m) | dB(pT/uV)
(A/m)

0.005 100.3 4747 112,56 114.55
0.010 100.3 53.40 106.62 108.61
0.020 100.2 59.42 100.60 102.58
0.030 100.2 62.93 97.09 99.07
0.050 100.0 67.37 92.63 94.61
0.070 100.2 70.28 89.74 91.72
0.10 100.1 73.37 86.64 88.62
0.20 100.6 79.39 80.66 82.64
0.30 100.2 82.83 77.19 79.18
0.50 100.1 87.00 72.93 7491
0.70 100.1 89.78 70.23 72.21
1.00 100.4 92.51 67.52 69.51
3.00 100.2 100.05 59.97 61.95
5.00 100.3 103.76 56.27 58.25
7.00 100.2 106.35 53.67 55.65
10.00 100.1 109.19 50.82 52.81
30.00 100.0 117.75 42.25 44.23
50.00 100.0 121.23 38.77 20.75
70.00 100.1 123.22 36.79 38.77
100.00 100.0 124.88 3512 3711

4.5 Summary

The design of the single-layer Helmholtz-type solenoid for generating AC MFD in the
frequency range up to 100 kHz has been proposed, and a full characterization has been
presented here. The analytical design and the FEM design have been compared with a real
solenoid. The results from the DC analysis show good agreement between the theoretical and
measured values in the center of the solenoid. The results from the AC analysis show that the
relative difference of the MFD frequency dependence in the center of the solenoid between
theoretical and measured values is in the range of (0.25 %—0.7 %) for the frequency range of
(3-100) kHz. The relative difference of the MFD frequency dependence in the center of the
solenoid is about 2% at 100 kHz. Good agreement between the theoretical and measured
homogeneity values in the z- and p-axis was also proven.

A programmable capacitor array that enables a high-frequency MFD value to be generated
in a single-layer Helmholtz-type solenoid up to 150 kHz with inexpensive low voltage AC
power sources has been realized and has been successfully tested. A transimpedance amplifier
that expands the upper range of useful frequencies for multi-layer search coils has also been
realized and successfully tested.

The methods for calibrating AC coil standards have also been described, analyzed and
compared. The possibilities of using coil standards in metrology has been described in detail.
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5 A system for AC calibration of Hall probesupto 1 T

Teslameters with Hall probes are widely used for measuring the magnetic flux density in
industry, in the health sector, and in testing. In other well-known approaches, the DC ranges
of these teslameters are calibrated using an MFD coil standard, or by comparison with an
NMR magnetometer. However, it is a more complex matter to calibrate the AC ranges, which
are mostly the same as the DC ranges (usually up to 2 T). A few tens of mT at a frequency of
50 Hz can usually be generated by an AC MFD coil standard. However, the AC MFD value
decreases in proportion to the frequency. For generating AC MFD values greater than about
30 mT, it is necessary to use a system with a laboratory AC electromagnet.

5.1 Design of an AC electromagnet

5.1.1 Analytical electromagnet design

An analytical analysis of the electromagnet can be made from Ampere’s law or from
Hopkinson’s law [88]-[90]. The MFD value By in the the cross-sectional area of the air gap
Ag, the cross-sectional area of the yoke A, the mean path length I, and the air gap length |4
are defined. The number of turns N = N;1+N, for the stated current value | and the MFD value
in the core B, are needed (Fig. 53).

i y y
Ic//i. | E(D| L L
S X Z

Fig. 53 Parameters of the core for analytical analysis (N;=N, are connected in series).
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When fringing fields and leakage flux are neglected, it holds (from Ampere’s law) that

()
H =——=®=H_ (37)
g9 IUOA\; g9 OAb
()
B,=B,=— (38)
NI = H,I, +H], (39)

where Hy is the value of the magnetic field strength in the air gap, and the H. value for the
calculated B, value is obtained from the B(H) characteristics of the material that is used.
According to Hopkinson’s law, it holds that
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R, =—* (40)

’ /UOAg
R, = l, (41)
Lo A
R; =R + Rg (42)
b = BgAg (43)
F=®R; =NI (44)

where Rc is core reluctance, Ry is air gap reluctance, Ry is total reluctance, W is the amplitude
permeability of the material, and F is magnetomotive force. The calculated number of turns
N = 1681 turns (Ampere’s law) and N = 1679 turns (Hopkinson’s law) for current value | =
5 A is valid for the stated parameters: Ay = 2-A; = 36 cm’ (core dimensions a = 60, b =
30 mm), I =10 mm, B4g=1T, Ic = 0.55 m and p, = 1000 (3% silicon steel, for B,=1 T). The
inductance value L can be calculated from [88], [91]

2 2
L :N_: /ure;qucN = H, i (45)
Re l l+ﬂ|ag
where . is the effective permeability.
Placing the coil winding as close to the air gap as possible should keep the leakage flux to
a minimum [92]. However, the effect of the fringing fields cannot be neglected, which means
that the B¢ value should be higher than the By value. The core induction value B¢ needed for
generating Bq = 1T is calculated from
B, = B.FF (46)
where FF is the fringing factor. Empirical equations for determining the FF value can be
found in McLyman [88]

|
FF=14— 25 (47)

JA

where G, is the middle column length (see Fig. 53). Other formulas for determining the FF
value can be found in Kazimierczuk [90], and the dependence of the fringing factor FF on the
core cross-sectional area A. is presented in Fig. 54. According to (47), the value of FF for A.
= 36 cm® and for G, = 50 mm the value is about 1.4, which means that the value of By, =
1.4 T. The value of FF decreases with increasing A.. Because the fringing effect increases the
inductance value, the new inductance value L, is calculated as

Lr =L-FF (48)

The number of windings N should be recalculated due to the fringing factor FF, or the current
value | must be increased.
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Fig. 54 Dependence of the fringing factor FF on the core cross-sectional area A; (ELAG = effective
length of the air gap).

5.1.2 FEM method results

The number of turns N and the core induction B, were obtained from analytical analysis.
The last step was to compare several cores of different shapes (Fig. 55) by the FEM method
(FLUX 3D software was used). The FEM method was used to choose a suitable core type
from the point of view of the maximum MFD value in the air gap and homogeneity in the air
gap. All models have the same parameters, as follows: Ay = 36 cm?, lg=0.01 m, I =0.55 m,
material Steel 1010. The value of G; = 70 mm and window width of 65 mm was valid for the
H shape (H1, H2) and for both UNCIORE cores. The windings of the models have N =
1600 turns (2x800 turns connected in series), a wire diameter of 1.6 mm, winding width w; =
40 mm, winding height he = 51.2 mm, winding position - 1 mm from the air gap and 0.5 mm
from the core. Only the winding of the toroid model is wound in 4 layers homogeneously
along the core. Simulations were run for a frequency of 50 Hz and a current of 5 A. Table 12
shows the results for the AC MFD value (Bg) in the center of the air gap. It is obvious that the
toroid is not appropriate, because its MFD value is almost 45% less than the values for the
other models. This big difference is probably caused by the higher FF value. Because the G,
value in (47) is equal to I = 0.55 m (for the toroid model), the FF value is about 2.6. The
differences between the other model values are less than 10%. The homogeneity results on all
three axes are shown in Fig. 56, 57 and 58, and in detail in Table 13. Some of the asymmetry
in the homogeneity results for the y-axis is probably caused by an insufficient mesh in the air
gap area. The homogeneity values are very similar, and are acceptable, with the exception of
the homogeneity of the toroid model.
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Fig. 55 Models of the compared core types in FLUX 3D software: (from the left) toroid,
C shape, H shape (H1; with same A, value in all legs), H shape (H2; center leg with A,
side legs with A,/2), UNICORE, 3-phase UNICORE (UNICORE 3f).

Table 12 A comparison of the AC MFD values B of the tested core types in the center of the air gap.

Shape By (T)
toroid 0.754

C 0.992

H1 1.090

H2 1.023
UNICORE 0.993
UNICORE 3f 1.084
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Fig. 56 Homogeneity in the air gap of the compared core types on the x-axis.
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Fig. 57 Homogeneity in the air gap of the compared core types on the y-axis.
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Fig. 58 Homogeneity in the air gap of the compared core types on the z-axis.

Table 13 Detailed homogeneity values inside the air gap of the tested core types.

Homogeneity on the x-axis (%)
(mxm) toroid C H1 H2 | UNICORE | UNICORE 3f
15 0.60 | 0.08 | 0.16 | 0.07 0.07 0.12
-15 041 | 0.07 | 0.08 | 0.06 0.05 0.11
Homogeneity on the y-axis (%)
Yy .
(mm) toroid C H1 H2 | UNICORE | UNICORE 3f
3 0.03 |0.008 | 0.03 | 0.0006 0.002 0.02
-3 0.001 | 0.02 | 0.001 | 0.01 0.001 0.001
Homogeneity on the z-axis (%0)
z .
(mm) toroid C H1 H2 | UNICORE | UNICORE 3f
15 0.05 | 0.07 | 0.17 | 0.08 0.03 0.11
-15 0.07 | 0.10 | 0.16 | 0.05 0.05 0.14

25
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Due to the the maximum generated value in the air gap and the homogeneity inside the air
gap, the UNICORE core was chosen for other simulations and also for realizing the AC
electromagnet. It was found during the simulation that the value of MFD in the center of the
air gap also depends on the ratio of the winding width w, and the winding height h., and also
depends on the position of the winding (Fig. 60). The dependence of the MFD value for
various wc/h. ratios simulated with the UNICORE core is shown in Fig. 59. There is a
difference of less than 0.2% between ratio value 2 and ratio value 1, and there is a difference
of about 2.2% between ratio value 1 and ratio value 0.5.

relative difference (%)

0 0.4 0.8 12 16 2 24
welhe ()

Fig. 59 Dependence of the Bg value on the ratio of the width to the height of the winding. The relative
difference is related to the ratio w¢/he = 1.
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Fig. 60 Position of the winding for a simulation of the dependence of the By value on the
winding distance d from the air gap (left), the distance d;, from the core (right).
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As is shown in Fig. 61, the By value is very dependent on the distance d of the winding
from the air gap (there is a difference of about 28% at 20 mm), so the winding should be
placed very close to the air gap. By contrast, the dependence of By on the distance of the
winding from the core (where the inner diameter of the winding dj, was increasing) is much
smaller — there is a difference of 0.4% for a distance of 10 mm and a difference of 1.6% for a
distance of 20 mm.

Considering the results of the simulations above and the possibilities of producing such a
electromagnet, the final design of the UNICORE core was simulated with the following
parameters: Ag= 2-A.= 36 cm?, |y = 0.01 m, | = 0.55 m, G, = 45 mm, material Steel 1010. The
windings of the model have N = 1600 turns (2x800 turns connected in series), wire diameter
1.6 mm, winding width w, = 61 mm and winding height h, = 34 mm (the w./h. ratio about
1.8), winding position —d = 1 mm from the air gap and di, = 2 mm from the core. Simulations
were run for a frequency of 50 Hz and 5 A current (Fig. 62), and By = 1.245 T was generated
in the air gap.

relative difference (%)

'35 T T )

d/di, (mm)

Fig. 61 Dependence of the By value on the winding distance d;, from the core and the distance d from
the air gap for the UNICORE core.
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b)

Fig. 62 Final model of the AC electromagnet with UNICORE shape a), and simulation results —
magnetic flux density distribution at 50 Hz b).

5.2 PCB search coils

The set MFD value in the air gap of the AC electromagnet, the design of which was
described above, must be precisely measured to ensure traceability of the calibrated
magnetometer. This traceability will be ensured by a search coil with a voltmeter. When a
search coil is used, the area turns (the search coil constant) is very important for calculating
the MFD value. Its inductance value or resonance frequency value, which is determined by its
impedance, is important for determining the frequency dependence of the search coil. The
estimated electromagnet air gap length is 10 mm and the homogeneity of the magnetic flux
density within an area of (60x60) mm. The search coil that is used must therefore be thin, with
the highest area turns value within an area of about (10x10) mm and with a low inductance
value. Hand-wound search coils are the most widely-used type of flat search coils. Their area
turns value can vary from 1 cm? to 100 cm? with an outer diameter up to 10 mm. However,
the thickness of these search coils varies from 1 mm to 2 mm, and they are only circular in
shape. Integrated planar coils have many applications in sensors and in MEMS devices [93]-
[95], and also in RF and microwave applications [96], [97], in biomedical applications [98]-
[100], and in power applications [101]-[103]. If photolithography is used for fabricating
planar search coils, a turn/space less than 20 ym in width (down to a few pm) can be achieved
using this technology. A higher area turns value with a smaller diameter than the PCB search
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coil, and with much smaller thickness than on a hand-wound search coil, can be achieved with
this technology. However, the thickness of the copper will be reduced, and this rapidly
increases the resistance of the coil. And as the turns will be closer to each other, the
inductance value will also be higher. Another disadvantage of this method is its high price,
which implies that usually only a single-layer or double-layer planar coil can be fabricated. In
recent years, additive manufacturing (3D printing technology) has also been used for
fabricating planar coils [104]-[106]. The PCB method is limited by the technology that is
used. The minimum dimension of the turn/space is 100 ym, and the smallest diameter of the
drilled hole is also 100 ym. However, the method is cheap and simple, it has good
repeatability, uniform cross sections, and a planar coil with more than 10 layers can be
fabricated. New planar single-layer, double-layer and 10-layer search coils for Bp
measurements have been designed and produced by the PCB method, and are characterized in
this work.

When assuming low values of w and s (w = s = 100 pym), the following approximate
formulas for area turns calculations can be used. The two most widely-used types of PCB
coils are shown in Fig. 63. The area turns value of a single-layer square coil according to
Fig. 64a is calculated from

Fig. 63 Dimensions of the planar square and circular coils.

Fig. 64 Layout of a) a single-layer PCB search coil (left) with d=200 pm, and b) a double-layer
PCB search coil and a 10-layer PCB search coil (right) with d=400 pum. The width of the
turn/space is 100 pm and the number of turns is 25. Red wire=top layer, blue wire=bottom layer.

60



N
=D*+) (D-xi)*, (49)
i=1
where D is outer diameter, N is number of windings, and x is the difference between the
center of the sides of the square (Fig. 63). The value of D can be calculated as [91]
D=d,+2Nw+2(N-1)s, (50)

where dp is inner diameter, w is turn width and s is space width. For w = s there applies x =
w + s. Eq. (49) can be expressed as

S, =D?+ND?—2xD N Ly 1yt

x? 6N(N +1)(2N +1). (51)

Formula (49) can also be used for a circular single-layer PCB coil only multiplied by

S =E{R2+2(R—xi)2] (52)

where R = D/2. It is obvious that the area turns value of a square PCB coil is higher than the
area turns value of a circular PCB coil, so henceforth only square PCB coils will be
considered here. It is rather more complicated to calculate the area turns value of the double-
layer PCB coil according to Fig. 64b, because the calculation must be separated into the sum
of the areas of the squares and the rectangles. For the bottom half of the area, S; applies

=D? +i(D—2xi)2 =D?(N +1)-2N(N +l)xD+§N(N +1)(2N +1)x*.  (53)

And for the top half of the area, S, applies

S, =D(D-x) +ZN: D - 2xi)(D - 3ix) =
. (54)
(N +1)—BN(N +1)+1}XD+ N(N +1)2N +1)x?

The total area turns value of the double-layer PCB rectangle coil is calculated as

S,. =2(S,+S,)=2D*(N +1)—B

N(N +1)+1}XD+2N(N +1)2N +1)x? (55)
The area turns value of the multi-layer PCB coil is then determined simply from the formula
(55) by multiplying the number of layers/2. Formulas (49)-(55) can be used only for
approximate calculations of the area turns value. Analytical formulas for resistance and
inductance calculations of can be found in [J3].

Single-layer, double-layer and 10-layer PCB search coils were also designed and simulated
in the CST Studio environment by FIT [107]. Search coil windings were designed with
parameters and layout according to Fig. 64 on the assumed PCB FR-4 substrate with
dimensions of (12x12) mm. A low-frequency (LF) domain solver with full wave analysis and
adaptive mesh refinement to achieve higher accuracy was used for the simulations. A
description of the simulation is presented in [J3].

A single-layer search coil (according to Fig. 64a), a double-layer search coil and a 10-layer
(according to Fig. 64b) search coil were designed and produced on an FR-4 type PCB board
10 cm in length, 1.5 cm in width, and 0.5 mm thickness (the 10-layer coil is 1.2 mm in
thickness), see Fig. 65. The dimensions of the search coils are: w =s =100 um, N =25, t =
18 um, d(1-layer) = 196 ym, d(2-layer) = 398 um and d(10-layer) = 450 ym. Copper thickness
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of t = 18 um applies to the single-layer and double-layer search coils, and applies to the 10-
layer coil only for the first layer and for the last layer. In the remaining 8 layers, the copper
thickness is 65% of this value (11.7 ym). The diameter of the drilled holes is 100 ym, and the
restring is 75%. The top and bottom wire from the coil to the connector are conducted one
above the other to avoid an additional loop turn.

The calculated and measured parameters of the fabricated PCB search coils are presented
in Table 14. It is clear from Table 14 that there is good agreement between the measured
resistance value, the calculated resistance value and the simulated value from the CST Studio.
Only the measured resistance value of the single-layer PCB search coil is much higher than
the calculated value and the simulated value. This is probably caused by the PCB
manufacturing process, due to the reproduction tolerances [108]. The effect of the via on the
area turns value can be neglected, because the area of one via is only 0.04 mm?. The thickness
of the copper and the trace width have a very big influence on the resistance and inductance
values. As concerns the inductance of the PCB search coils, there is very good agreement
between the calculated values, the CST Studio values, and the values measured by an LCR
bridge. A relative difference of less than 8% was determined for the single-layer PCB coil, a
difference of less than 3.2% for the double-layer PCB coil, and a difference of less than 6.2%
for the 10-layer PCB coil. The PCB search coil constant value was calibrated using the
variable mutual inductance method [84], with a DC electromagnet used as the magnetic flux
density standard. The search coil is placed in the center of a DC electromagnet to ensure that
the greatest magnetic flux passes through. A magnetic flux density value of 1 T was used. The
magnetic flux value was measured by an EF 5 fluxmeter (Magnet-Physik). Webermeter EF 5
was then calibrated by a coil standard of the magnetic flux. The current value through the
magnetic flux standard was set to the same value as the measured magnetic flux value.

Table 14 Calculated and measured parameters of the fabricated PCB search coils.

Value
Parameter SCI1L SC2L SC10L
(single-layer) | (double-layer) | (10-layer)

Calculated Ks value (cm?) 8.57 16.03 81.4
Ks value from the CST Studio (cm?) 8.58 16.41 81.0
Measured Ks value (cm?) 8.52 16.31 81.6
Calculated resistance (Q) 4.9 9.75 68.9
Resistance from the CST Studio (Q) 4.7 9.8 63.4
Measured resistance (Q) 6.2 9.6 62.7
Calculated inductance (Wheeler) (uH) 2.57 9.44 221
Calculated inductance (Rosa) (uH) 2.69 9.84 229
Inductance from the CST Studio (uH) 2.82 9.57 223
Measured inductance (uH) 2.79 9.75 210
Measured resonance frequency (MHz) 7.3 3.8 3.1

Coil diameter D (mm) 9.99 10.2 10.25
Coil length I (m) 0.51 1.02 5.1
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A correct magnetic flux value was calculated from the current value and from the constant of
the magnetic flux standard. The search coil DC constants were calibrated with expanded
uncertainty of 0.08%. The differences from the calculated DC value according to (51) and
according to (55), the simulated values from the CST Studio and the measured values are less
than 0.7% (for the single-layer search coil), less than 2.4% (for the double-layer search coil)
and less than 0.8% (for the 10-layer search coil). This also indicates very good agreement. A
comparison of the calculated (according to (18)), simulated and measured frequency
dependence of the PCB search coil constant is presented in [J3] as the comparison with hand-
wounded search coils parameters.

In 2017, there was a bilateral comparison of measurements of magnetic quantities between
CMI and VNIIM, Russia. One part of this comparison was the calibration of PCB search coils
described above. A serious problem was revealed during this comparison. The first
measurement was made with the connectors shown in Fig. 65. The results were not correct
(the connector caused an additional loop) and the measurement at VNIIM was made without
this connector [109]. The differences between the results were too great (from 0.7% up to
1.4%). On the recommendation of VNIIM, the original connector was dismounted and was
replaced, as shown in Fig. 66. The results of the second measurement were then comparable
(see Table 15).

Fig. 65 Fabricated PCB search coils: single-layer SC1L (top), double-layer SC2L (middle) and
10-layer SC10L (bottom).

Table 15 Reported results of the PCB search coils from the bilateral comparison.

CMI VNIIM
Ks u(s) Ks u(s)
cm?) | (%) | (cm’) | (%)
SC1L 8599 | 0.08 | 8589 | 0.1
SCaL 16.388 | 0.08 | 16.409 | 0.1
SC10L 83.02 | 0.08 | 83.08 | 0.09

Search coil
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Fig. 66 The new connector of the PCB search coil.

The differences between the new measured DC value and the simulated values from the CST
Studio are about 0.23% (for the single-layer search coil), about 0.13% (for the double-layer
search coil) and about 2.4% (for the 10-layer search coil). The new differences between the
calculated DC value according to (51) and according to (55) and the new measured values are
about 0.35% (for the single-layer search coil), about 2.2% (for the double-layer search coil)
and about 2% (for the 10-layer search coil).

5.3 Setup for Hall probes calibrationupto1 T

In general, it is necessary to use a material with a small loss value and with high
permeability in AC applications (e.g. up to 1 kHz) to produce an AC electromagnet. A thin
strip must be used to minimize the eddy current losses. Widely-available 3% silicon steel has
a saturation value of about 2 T, strip thickness from 0.05 mm, a broad range of strip widths,
and high total loss in higher frequencies. This means that it is useful for the low frequency
range. A Co-Fe based material (VACOFLUX) has a high saturation value up to 2.3 T and
total loss at B = 1 T at a frequency of 1 kHz about (55 to 70) W/kg [110]. The AC
electromagnet with a UNICORE core and with the parameters described above was produced
from grain-oriented silicon steel with a strip thickness of 0.15 mm and with w¢/h. = 1.8
(Fig. 67). The electromagnet windings are rated at 5 kV. The calculated inductance value
according to (44) was 1.4 H. The corrected inductance value according to (47) with FF =1.4
was 1.96 H, and the measured inductance value was 1.8 H.

When an AC electromagnet is fed directly from the power amplifier, the AC MFD value in
the air gap cannot be greater than [111]

B = HoP , (56)
24V

where P is the output power of the amplifier, f is the frequency of the generated AC MFD,
and V is the volume of the air gap. It is not difficult to calculate that an amplifier with output
power of at least 9 kW must be used to generate B=1T at a frequency of 50 Hz in an air gap
volume of (60x60x10) mm?®.
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Fig. 67 The AC electromagnet with a UNICORE core.

During the development of the system it was therefore decided to use the serial resonance
effect, which can minimize the required voltage range of the amplifier. A block diagram of
the system for generating AC magnetic flux density up to 1 T is shown in Fig. 68. The
electromagnet winding is powered from the power amplifier. A high voltage capacitor C
(which is composed of several capacitors of the same type), rated at 5 kV, is connected in
series with the electromagnet winding to create an LC tank circuit. This enables us to use a
common power amplifier. An OPA140AID operational amplifier produces a feedback to
improve the stability of the MFD generated in the air gap of the electromagnet. One input of
the OPA140AID is the output from the search coil S, which is located in the air gap of the
electromagnet, and the second input is brought from the generator. The output voltage from
the search coil is also sampled by the A/D converters of a 3458A multimeter. The 3458A is
connected to the computer with measurement software created in LabWindows CVI via a
GPIB bus. The RMS value, the peak value, the frequency and the form factor of the MFD
value generated in the air gap are calculated from the sampled output voltage in this software.
A single-layer PCB search coil 0.5 mm in thickness with a constant value of 8.6 cm?, and a
two-layer PCB search coil 0.5 mm in thickness with a constant value of 16.4 cm? were
designed and fabricated for AC MFD measurements in the air gap of the electromagnet [J3].

C electromagnet
power

enerator o
g OPA140AID amplifier ~_/W\/'\

i
GPIB

counter

Fig. 68 Block diagram of the system for generating AC magnetic flux density upto 1 T.

65



5.4 Measurement results

A single-layer PCB search coil was used for the homogeneity measurements, and a
comparison was made with the homogeneity simulated in Flux 3D (Fig. 69, Fig. 70 and
Fig. 71). The measured homogeneity is better than 0.04% on the x-axis and on the z-axis at a
distance of 10 mm from the center of the air gap, and it is better than 0.2% on the y-axis at a
distance of 4 mm from the center of the air gap. The measured homogeneity is sufficient for
widely-used Hall probes less than 2 mm in thickness and less than 6 mm in width. The
measured AC MFD value is calculated from formula (19) or (20), where Urus is the RMS
value of the output voltage (Uavc is the arithmetic mean value of the output voltage) of the
search coil sampled using an Agilent 3458A digital multimeter. The type B relative
uncertainty of the measured AC MFD value can be calculated as

Ug, :\/uf2+uszc+ufJ +ul+ul, (57)

where us is the relative standard uncertainty of the frequency measurement, usc is the
uncertainty of the search coil constant, uy is the uncertainty of the search coil output voltage
(arithmetic mean or RMS) measurement, uq is the uncertainty of the directional dependence
measurement of the search coil, and u is the uncertainty of the influence of the homogeneity
inside the electromagnet air gap. The input quantities of the type B uncertainty sources are
assumed to be uncorrelated. The maximum uncertainty value of the frequency measurement
usually varies within tens of ppm, so it can be neglected, because the other uncertainties are
typically higher. The uncertainty of the PCB search coil was 0.04%. The value of uy can lie in
the order of thousandths of one percent. The value of ug can lie in the order of hundredths to
tenths of one percent, and the value of uy can lie in the order of hundredths to tenths of one
percent.
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Fig. 69 Homogeneity in the air gap of the UNICORE core on the x-axis.

66



081 _e—measured
-06 1 -®—Flux3D
0.4 1

-0.2 1

0.2 1

homogeneity (%)
o
|
L |
o

0.4 1

0.6 A

0.8 -1

y (mm)

Fig. 70 Homogeneity in the air gap of the UNICORE core on the y-axis.
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Fig. 71 Homogeneity in the air gap of the UNICORE core on the z-axis.

The system was tested at a frequency of 50 Hz, where an AC magnetic flux density value
of 0.9 T (RMS) was reached, due to the limitations of the power amplifier that was used. The
AC magnetic flux density value was measured using a double-layer PCB search coil with
expanded uncertainty of 0.2%. Fig. 72 shows the measured stability of the AC MFD value
generated in the air gap with and without the feedback. Stability of 1 mT was measured
without the feedback, and stability of 0.08 mT was measured with the feedback. The form
factor of the AC MFD was about 1.121 using the feedback. These are sufficient values.
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However, the feedback was usable only up to about 0.35 T. Above this value, the feedback
became unstable, probably due to the technical limitations of the power amplifier. Fig. 73
shows the main window of the software used for the AC MFD measurements.
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Fig. 72 Measured stability of the AC MFD generated in the air gap with and without the
feedback.
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Fig. 73 Main window of the software created for AC MFD measurements.
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5.5 Expanding the frequency range up to 1 kHz with an amorphous AC
electromagnet

The AC electromagnet made from grain-oriented steel described above can be used only in
the low frequency range (up to 70 Hz). At higher frequencies, above 70 Hz, an AC
electromagnet with a core made from a material with a low loss value should be used. A
nanocrystalline and amourphous material has a low loss value at higher frequencies, high
permeability, strip thickness from a few tens of uym, but a low saturation value, and the
maximum strip width is only 50 mm. Commonly available nanocrystalline materials such as
Vitroperm (Fe-Si-B-Nb-Cu) and Finemet (Fe-Si-B-Nb-Cu) have a saturation value from about
1.2 T to 1.3 T [112], [113]. Materials such as Nanoperm (Fe-M-Nb-B, M = Zr, Nb or Hf),
Hitperm (Fe-Co-M-B-Cu, M = Zr, Nb or Hf) and their modifications have a saturation value
higher than 1.6 T [114], [115] and total losses of a few tenths of W/kg at lower frequencies.
NanoMet material (Fe-Si-B-P-Cu) has a saturation value of 1.8 T [116]-[118], but it is not yet
available for commercial use. Co-based amorphous materials such as Vitrovac have a
saturation value lower than 1 T [119]. The typical saturation value of an Fe-based amorphous
material is about 1.5 T (the saturation value of MetGlass 2605HB1 is about 1.64 T [120]). The
strip thickness of MetGlas 2605 is 25 pm, while the strip thickness of the grain-oriented steel
used in the UNICORE core is 0.15 mm.

A core made from Metglas 2605SA1 material with a cross-sectional area of 36 cm? and
with an air gap length of 10 mm was manufactured (Fig. 74a). The electromagnet windings
are the same as in the case of the UNICORE yoke - 2x800 turns connected in series and
wound with a copper wire 1.6 mm in diameter. The electromagnet windings are also rated at
5 kV. The core was eventually pulled down by a steel structure (Fig. 74b). The winding
resistance values and the inductance values are similar to those for the winding of the
UNICORE electromagnet (R = 6.3 Q; L = 1.88 H). The system described above was used to
measure the AC magnetic flux density in the center of the air gap in the amorphous
electromagnet. A serial resonance effect was also used — a capacitors with a nominal value of
2.7 yF, 84 nF and 15 nF and with a nominalvoltage value of 6 kVV were connected in series
with the electromagnet winding. The measured RMS values of the AC magnetic flux density
were 280 mT (80 Hz), 160 mT (405 Hz) and 90 mT (930 Hz). Again, a single-layer PCB
search coil was used for the homogeneity measurements, and a comparison was made with the
homogeneity simulated in Flux 3D (Fig. 75, Fig. 76 and Fig. 77). The measured homogeneity

Fig. 74 a) Core made from Metglas 2605SA1, b) the AC electromagnet made from Metglas 2605SA1
material.
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was better than 0.1% on the x-axis and on the z-axis at a distance of 20 mm from the center of
the air gap and it was better than 0.01% on the y-axis at a distance of 3 mm from the center of
the air gap.
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Fig. 75 Homogeneity in the air gap of the amorphous core on the x-axis.
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Fig. 76 Homogeneity in the air gap of the amorphous core on the y-axis.
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Fig. 77 Homogeneity in the air gap of the amorphous core on the z-axis.

5.6 Summary

A system for generating AC magnetic flux density up to 1 T for lower frequencies has been
designed and realized. An AC electromagnet with a UNICORE shape made from grain-
oriented steel was designed by an analytical approach and by the FEM method and was
manufactured. Capacitors for employing serial resonance were created.

The design of a single-layer, a double-layer and a 10-layer PCB search coil for AC
magnetic flux density measurements has been proposed, and a full characterization has been
presented. The results show very good agreement between the theoretical (calculated),
simulated (FIT) and measured values of resistance, inductance and the search coil constant.

Homogeneity of realized AC electromagnet was measured using the single-layer PCB
search coils and double-layer PCB search coil was used for measurement of AC magnetic flux
density in the air gap. A software for measurement of AC magnetic flux density using a
multimeter 3458A as a digital sampler was created in LabWindows CVI. The system was
tested at a frequency of 50 Hz, where AC magnetic flux density value of 0.9 T was reached.
The stability of the generated MFD was improved using a feedback.

The AC electromagnet made from amorphous material MetGlas 2605SA1 and with the
same cross-sectional area, the same winding parameters and the same air gap as in the case of
UNICORE yoke was also realized to extend the frequency range of generated MFD values up
to 1 kHz.
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6 Conclusions

There were some coil standards at CMI that are used for calibrating Hall probes at 50 Hz
or for calibrating AC magnetic field analyzers up to 20 kHz, but there was no AC
electromagnet for use in Hall probe calibration at CMI before this dissertation work was
begun. The main goal of the work presented in this dissertation was to develop new AC
magnetic flux density standards for use in expanding the options available for calibrating Hall
probes up to 1 T in the low frequency range (up to 100 Hz) and for calibrating magnetometers
up to 100 uT in the frequency range up to 100 kHz.

The setup for generating an AC magnetic flux density value up to 100 kHz was presented
in detail in Chapter 4. The design of the single-layer Helmholtz-type solenoid for generating
AC MFD in the frequency range up to 100 kHz has been proposed, and a full characterization
has been presented here. The analytical design and the FEM design have been compared with
a real solenoid. The results from the DC analysis show that the relative difference of the MFD
theoretical values in the center of the solenoid is from 0.04% to 0.19%, depending on the
method that is used. The results from the AC analysis show that the relative difference of the
MFD frequency dependence in the center of the solenoid is in the range of (0.25 %-0.7 %) for
the frequency range of (3-100) kHz - about 2% at 100 kHz — in comparison with the values
measured by a special search coil. Good agreement between the theoretical (calculated) and
measured homogeneity values in the z- and p-axis was also proven.

A programmable capacitor array that enables a high-frequency MFD value to be generated
in a single-layer Helmholtz-type solenoid up to 150 kHz with inexpensive low voltage AC
power sources has been realized and has been successfully tested. Specifically, an AC
amplitude MFD value up to 150 uT up to 140 kHz and an AC amplitude MFD value up to
220 pT up to 120 kHz can be generated with expanded uncertainty of (0.2 to 1.0)% for k=2.
An AC amplitude MFD value of 110 uT at maximum can be generated at a frequency of
150 kHz for a short time. A transimpedance amplifier that expands the upper range of useful
frequencies for multi-layer search coils has also been realized and successfully tested. With
this amplifier, a part of the frequency range of single-layer and multi-layer search coils
conveniently overlaps and allows a large frequency range to be covered with ease, without
blind spots. In particular, the measurement differences with EP 01/00 and with Kj; with the
transimpedance amplifier were lower than 0.28% in the overlapping range of 2 kHz to
30 kHz. The methods for calibrating AC coil standards have also been described, analyzed
and compared.

In metrology, coil standards are used for calibrating AC magnetic field meters, loop
antennas and search coils. The method for calibrating AC magnetic field meters by a special
search coil and calibrating loop antennas has been described in detail. Five different search
coil calibration methods have also been analyzed, described and compared.

A system for generating AC magnetic flux density up to 1 T for lower frequencies was
presented in detail in Chapter 5. An AC electromagnet with a UNICORE shape made from
grain-oriented steel and with winding of 1600 turns was designed by an analytical approach
and by the FEM method and was manufactured. Capacitors for employing serial resonance
were created and were dimensioned for 5 kV.

The design of a single-layer, a double-layer and a 10-layer PCB search coil for AC
magnetic flux density measurements has been proposed, and a full characterization has been
presented. The design of the PCB search coils was adapted for use in an AC electromagnet air
gap of 10 mm. The analytical design and the FIT design were compared with the fabricated
PCB search coils. A single-layer PCB search coil with a constant value of 8.52 cm? and
0.5 mm in thickness, a double-layer PCB search coil with a constant value of 16.31 cm® and
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0.5 mm in thickness, and a 10-layer PCB search coil with a constant value of 81.6 cm? and
1.2 mm in thickness, were fabricated. PCB search coils can have a better value for certain
parameters (thickness, inductance vs. area turns, diameter) than the parameters of hand-
wound search coils. The results show very good agreement between the theoretical
(calculated), simulated (FIT) and measured values of resistance, inductance and the search
coil constant. It has also be proven that the search coil constants of all three PCB coil types
are frequency-independent up to 20 kHz. The fabricated search coils can therefore easily be
used for AC magnetic flux density measurements in the given frequency range up to 10 kHz.

Homogeneity of realized AC electromagnet was measured using the single-layer PCB
search coils and double-layer PCB search coil was used for measurement of AC magnetic flux
density in the air gap. A software for measurement of AC magnetic flux density using a
multimeter 3458A as a digital sampler was created in LabWindows CVI. The system was
tested at a frequency of 50 Hz, where AC magnetic flux density value of 0.9 T was reached.
According to the results of the homogeneity measurements, this is sufficient for common Hall
probes less than 2 mm in thickness and less than 6 mm in width. Hall probes can be calibrated
up to 1 T in the frequency range from 30 Hz up to 70 Hz by the system described here. The
stability of the generated MFD is about 0.08 mT using a feedback. The expanded uncertainty
of the generated MFD value is 0.2 %.

The AC electromagnet made from amorphous material MetGlas 2605SA1 and with the
same cross-sectional area, the same winding parameters and the same air gap as in the case of
UNICORE yoke was also realized to extend the frequency range of generated MFD values.
RMS values of AC magnetic flux density up to 280 mT (80 Hz), up to 160 mT (405 Hz) and
up to 90 mT (930 Hz) can be generated by mean of this electromagnet.

6.1 Achieved objectives

All partial tasks defined in Chapter 3 have been fulfilled, i.e.:

e A new single-layer Helmholtz- type solenoid for generating AC magnetic flux density
up to 100 kHz is presented in Chapter 4.1. The design, realization and characterization
of this solenoid are discussed.

e The setup with the Helmholtz-type solenoid was improved by a programmable
capacitor array to be able to generate AC magnetic flux density up to 100 pT in the
frequency range up to 100 kHz. The MFD value can be generated up to 150 kHz
beyond the objectives of this dissertation. The results are presented in Chapter 4.2.

e Methods that can be used for calibrating a coil standard up to 100 kHz have been
presented. The frequency dependence of a single-layer Helmholtz-type solenoid was
calibrated up to 100 kHz by a method using two search coils with nominally the same
values (method 1), with expanded uncertainty from 0.2% up to 0.35% and by a
method using a precise AC current shunt (method 2), with expanded uncertainty from
0.12% up to 0.25%. The frequency dependence of the constant of the search coils was
verified and calibrated in special Helmholtz coils. The results are presented in Chapter
4.3.

e The design of a new AC electromagnet for generating AC magnetic flux density up to
1 T at low fregeuncies is presented in Chapter 5.1. Hall probes can be calibrated up to
1 T in the frequency range from 30 Hz up to 70 Hz by the system described in
Chapter 5.3. The results are presented in Chapter 5.4.
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The design of a single-layer, double-layer and 10-layer PCB search coil for AC
magnetic flux density measurements in the air gap of the AC electromagnet has been
proposed, and a full characterization has been presented in Chapter 5.2.

The possibilities of using AC coil standards in metrology, including calibration results, are
presented in Chapter 4.4. An AC electromagnet made from amorphous MetGlas 2605SA1
material was also fabricated to extend the frequency range of the generated MFD values up to
1 kHz. Measured RMS values of AC magnetic flux density are presented in Chapter 5.5.

6.2 Future research

There are several further improvements that can be investigate and realized. Specifically:

Extend the frequency range of AC coil standard calibration from 100 kHz up to
200 kHz using a single-turn shielded search coil with lock-in amplifier.

Fabricate a power transformer to improve the power supply of an AC electromagnet.

Improve the feedback for stabilizing the AC MFD up to 1 T, perhaps with the use of
digital control [121].

Extend the frequency range of the AC MFD by an amorphous electromagnet up to
10 kHz.

Fabricate a high voltage programmable capacitor array for use with an AC
electromagnet.
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