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Abstract - Helmholtz coils (HC) are used in order to generate
and control uniform magnetic fields for a variety of re-
search applications. They can be easily constructed and
their fields can be easily calculated. This makes them espe-
cially useful in calibrating magnetic field sensors. Such a
calibration system with large Helmholtz coils (1x1m) can be
found in ICMET Institute, designed to operate only at a
frequency of 50 Hz. There has recently been a request for
the calibration of several measuring sensors operating at
frequencies up to 10 kHz used in industrial applications
such as induction hardening of metal parts. The paper aims
to determine the conditions under which this low frequency
HC system can be used at frequencies at least 100 times
higher. The first part of the paper describes a theoretical
analysis on the volume confining the space where the mag-
netic field components have a predetermined deviation (a
2% threshold) from the center of the HC system followed by
a comparison with a 3D FEM simulation and measurement
of HC field. The second part describes the identification of
the HC parameters at higher frequencies and the resonant
methods used to achieve the excitation power required at
these frequencies.

Cuvinte cheie: bobine Helmholtz, parametri, sursa rezonanta,
model FEM, volum de camp uniform.
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model, uniform field volume.

I. INTRODUCTION

The precise measurement of the magnetic fields gener-
ated by electrical and electronic equipment is a require-
ment imposed by international standards. In some cases, it
includes functional measurements; in other cases, there
are safety measures imposed for the general public or op-
erators. Periodic calibration of the equipment and sensors
for the magnetic field measurement is imposed by the
laboratory quality assurance system. However, the cost of
such calibration is substantial due to the small number of
laboratories accredited for this type of measurements.

Such a calibration system with Helmholtz coils can be
found in ICMET Institute, operating at a frequency of
50 Hz and the respective measurement was accredited in
2007 by DKD (Deutscher Kalibrierdienst) [1].

ICMET Institute has recently received several requests
for the calibration of certain sensors operating at frequen-
cies up to 10 kHz, needed for example, for magnetic
measurements in industrial applications such as induction
hardening of metal parts.

The paper aims to answer the question of whether the
existing HC system can operate at frequencies at least 100
times higher than 50 Hz and under what conditions.

First the paper presents a theoretical analysis of the HC
system which determines the region confined by a prede-
termined deviation of the magnetic field components re-
lated to the magnetic field value in the centre of the
Helmholtz system. Also related to the theoretical ele-
ments, the paper determines the dependence of the “field
uniformity volume” (with predetermined deviation of field
values) to the distance between the two coils of the Helm-
holtz system.

The Helmholtz system analysis [2 - 4] is extended to
the use of simulation software based on the finite element
method. By implementing the three-dimensional geomet-
ric model of the Helmholtz system in the Ansys Maxwell
virtual environment, there are obtained the magnetic field
values, computed in the space area confined by the rec-
tangular HC system. The dimensions of the field uniformi-
ty volume characterising the Helmholtz coils system lo-
cated at ICMET [5] are determined based on the results of
the numerical simulation.

Then the paper describes the HC parameters identifica-
tion at higher frequencies (self resonance, AC resistance,
parasitic capacitance of the coils etc), necessary to obtain
an equivalent diagram of HC system. The circuit simula-
tion with LT Spice software confirms the possibility of
using the existing HC system at high frequencies below
the resonant frequency of the system. The power supply of
the system is presented in a series resonance circuit and
the simulation of this circuit is compared with the experi-
mental results.

Il. THEORETICAL ASPECTS OF HELMHOLTZ SYSTEMS

In order to determine the magnetic field generated by
the Helmholtz system, the contributions of the eight cur-
rent segments constituting the sides of the two coils com-
posing the HC model were considered. The well-known
conditions for gradient annulment in the system’s geomet-
ric centre were imposed, to achieve the uniformity condi-
tion. The following parameters were taken into account:
the coils sides are considered segments of length a, carry-
ing an electric current of intensity I, and the coils located
at distance d/2. Thus, the following relationship is ob-
tained for determining the magnetic field induction gener-
ated by one coil [6 - 8]:
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For the considered Helmholtz system, the length of the
coil side is a = 1 m. In order to calculate the deviation of
the magnetic flux density from the geometric centre on the
-2...0...+z axis of the coordinate system, an electric current
I =1 A was considered and the magnetic induction results
in a dependence on just two parameters z and d:

B(z,d) :Z—Z"F(z,d) @)

Fig. 1 shows the plotting the above mentioned func-
tion, which determines the relative deviation of the mag-
netic flux density values B(z,d), considering as standard
value the magnetic induction By in the geometric centre
of a system fulfilling the Helmholtz condition for square
coils:

% = 0.5445a 3)
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Fig. 2 illustrates the deviation of the F(z,d) function
compared to its value in the geometric centre z =0, con-
sidering the distance d/2 as function parameter:

F(z,d)-F(z=0,d) 5)

These representations are useful when a particular
workspace is concerned, considering a pre-set deviation
value in the magnetic field relative to its central value.

Fig. 3 illustrates a detailed view of the previous repre-
sentation. It is obvious that for smaller distances between
the two HC, the magnetic field representation displays a
bulge, whereas for larger distances between coils — there
are two bulges, indicating larger field gradients. Also, it is
noted that the highest precision is achieved while fulfilling
the Helmholtz condition — the distance between coils be-
ing 0.5445 times the coil side 1 m which corresponds to
the HC system analyzed in the paper.

420,05

Fig. 1. The magnetic field deviation relative to its value in the geometric
center for the Helmholtz coils system.

Fig. 2. Deviation of the F(z,d) function relative to its value
in the geometric center.
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Fig. 3. Detailed view of the deviation of the F(z,d) function relative to
its value in the geometric center.

Therefore, as illustrated in the detailed view in Fig. 3,
the longitudinal distance for which the field uniformity is
achieved is approximately 200 mm, for the Helmholtz
condition.

I1l. NUMERICAL SIMULATION RESULTS

The Helmholtz system analysis is extended to the use of
simulation software based on the finite element method
[9 - 12]. The geometric model of the HC system was im-
plemented in the virtual environment, each coil being
comprised of a single turn. The system geometry is illus-
trated in Fig. 4 where the coil side is a = 1 m, and the dis-
tance between coils is 0.5445 m. The coils are marked in
purple, and the current excitation — entering and exiting
the coils, is marked with red arrows.
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Fig. 4. Geometry of the Helmholtz rectangular coil system.
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Fig. 5. The magnetic induction generated by the Helmholtz system in
the analyzed region.

In order to minimize the impact on the field uniformity
of the wire connecting the two rectangular coils, two par-
allel wires are drawn — one wire connecting the coils and
the other returning wire, at a distance of 5 mm.

This small distance between the wires causes a varia-
tion between the tangential components of the magnetic
field generated by the electric current passing through the
wires in opposite directions, which further determines a
lower vertical dimension of the volume of the field uni-
formity [13].

The analysed region is delimited by a rectangular box
surrounding the coils. Fig.5 shows the magnetic field
generated by the pair of rectangular coils in Helmholtz
configuration carrying an electric current 1 =1A. The
electric current excitation is applied at the edges of the
coil pair, located on the left side of the system, as detailed
in Fig. 4.
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Fig. 6. The longitudinal plane section of the HC field domain.
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Fig. 7. The transversal plane section of the HC field domain.
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Fig. 8. The horizontal plane section of the HC field domain.

In order to obtain a better view of the magnetic field
distribution in the analysed region, and to determine the
uniformity region, Figs. 6 - 8, show sections of the region
in the longitudinal plane (on the axis of the coils), the
transversal plane and the horizontal plane, respectively.

Since the area of interest is located on the axis of the
coils — passing through the center of the two coils, the
magnetic induction is computed on the above mentioned
axis. Fig. 9 illustrates such a representation. Thus, a zone
of field uniformity around 200 mm is achieved on the lon-
gitudinal axis, corresponding to the theoretical calcula-
tions.

By extending the view and achieving better accuracy in
expressing the field uniformity, the region of interest is the
one determined by the uniform magnetic field relative to
the field value in the geometric centre of the HC system.

The normalized difference of the magnetic induction
values relative to the standard value of the magnetic in-
duction in the geometric centre is computed, in order to
determine the respective region [14, 15].

The deviation of the magnetic field relative to the
value in the centre of the HC system (also considered as
the centre of the coordinate system) is determined based
on the magnetic field values obtained in Figs. 6 - 8. The
magnetic field in the centre of the HC system is
Bo=0.888 uT.

The relative deviation is computed with relationship:

B(x,y,z)-By(0,0,0
Bre (X, Y, Z)= | yBO(O,O,O) X

x100[%]  (6)
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Fig. 9. The magnetic induction computed along the centerline of the
Helmholtz system.

The purpose is to determine the region where the mag-
netic field deviation relative to the centre value is less than
2 %. In order to obtain a better view of the field distribu-
tion in the analysed region, and to determine the uniform
field region, Figs. 10 - 12 show sections of the region in
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the longitudinal plane (on the coil pair axis), in the trans-
versal plane and in the horizontal plane, respectively.

Therefore, the illustrations describe the space defined
by field uniformity — a deviation less than 2 % relative to
the centre field value. As noticed in Fig. 10, on the longi-
tudinal axis (OY), field uniformity is obtained on a dis-
tance of 180 mm, slightly shorter than the distance of uni-
formity of 200 mm obtained based on the analytical calcu-
lations and illustrated in Fig. 3.
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Fig. 10. Field uniformity in the longitudinal plane HC section.

Fig. 12. Field uniformity in the horizontal plane HC section.

TABLEL
FIELD UNIFORMITY VOLUMES

Field deviation Uniform field volume dimensions

percentage 0X, 0Y, 0Z
1% 260 mm x 150 mm x 80 mm
2% 300 mm x 180 mm x 100 mm

5% 600 mm x 340 mm x 280 mm

Table 1 comprises the dimensions of the uniform field
volume for several threshold levels for field deviation to
the centre: 1 %, 2 %, and 5 %, respectively.

It is worth mentioning that the simulation model com-
prised of 1 turn per each coil of the HC system has an
inductance of 7.9941 pH, as computed by the Maxwell
software.

IV. ANALYSIS OF HC SYSTEM

The construction and installation of the HC system with
rectangular geometry (Fig. 13), designed initially for the
calibration of industrial magnetic probes at frequencies of
only 50 Hz, was very convenient. A rectangular HC sys-
tem generates a volume of nearly uniform magnetic field
greater than a circular HC of comparable dimensions
[2]. The performance is maintained up to a certain fre-
quency limit. The frequency limitation is a function of the
coil’s parameters (wire size and type-solid or litz wire-,
number of turns and layers), type of connection (series or
parallel) of the two coils and finally the supply configura-
tion (balanced or unbalanced with respect to ground).

A Vector Network Analyzer (VNA) device was used
for the identification of all circuit parameters (Fig. 14) by
impedance and frequency characteristics measurements
[16]. The parasitic capacitance C, is determined from the
first resonance frequency of the coils system. Table 2 con-
tains L, C,, f, values, and Table 3 contains the AC re-
sistance of the coils for different frequencies. The signifi-
cant increase of AC resistance is the result of skin and
proximity effects in the original solid wire multilayer
coils.

The frequency characteristic of the HC is illustrated in
Fig. 15. The resonant frequency is f; = 15.6 kHz, which
shows that the maximum working frequency of the HC
calibration system must be less than the 10 kHz until the
system remains inductive.

1066

Fig. 13. Design of the Helmholtz coil system.
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Fig. 14. HC equivalent circuit.
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TABLEII.
MEASURED PARAMETERS OF THE HC SYSTEM.
Parameter Value
fe 15.6 kHz
L 2 x 77 mH/coil
Co 0.675
TABLE III.

AC RESISTANCE AND QUALITY FACTOR
DEPENDING ON THE FREQUENCY.

Frequency (Hz) Rac (Q) Q
50.44 4.15 5.85
502.95 4.85 50.01
994.13 7.37 65.15
5014 55 44.08
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Fig. 15. Frequency characteristic of HC system.

In order to compare the FEM data with the experi-
mental data, it is necessary to perform a review of the HC
model in Maxwell software. As specified above, the total
inductance of the HC system determined by Maxwell
software is 7.9941 pH; dividing it by 2, we get the induct-
ance per turn of approximately 4 pH. The total number of
turns of the actual HC system is 276, meaning there are
approximately 138 turns per each coil. By multiplying the
inductance of one coil in the Maxwell model by squared
number of turns (N = 138), we get a total inductance per
coil of approximately L = 76 mH, which is close to the
experimentally determined value of 77 mH.

V. THE DRIVE OF THE HIGH FREQUENCY HELMHOLTZ
ColILS USING THE RESONANCE TECHNIQUE

The direct drive is used only for 50 Hz. In order to ob-
tain the extension of the frequency range in which this
large HC system is operating, the resonance method is
used, which is advantageous at higher frequencies in order
to obtain the lowest driving power [5].

Basically, series, parallel or series-parallel resonance
can be used, with both series and parallel connection of
HC coils. Fig. 16 describes all possible configurations that
can be used to achieve resonance at higher frequencies.
The choice of one or the other depends on the parameters
of the HC system.

Next, some of these configurations are simulated in the
LT Spice software to determine the resonance frequency
and the current passing through the HC which corresponds
to that frequency.

The electrical parameters of the HC electrical circuit are
the ones determined experimentally, and the HC equiva-
lent circuit at high frequency (Fig. 14) was used.

Figs. 17 and 18 represent two examples of the HC sys-
tem modeling by the resonance technique. The electrical
circuits are illustrated in the top left side, and the other
sides illustrate the current passing through the source (and
through the series connected capacitor) Ics, the current
passing through the inductance 11, and the one through
the equivalent parasitic capacitance Ic,, respectively. The
maximum coil current at 500 Hz and 5 kHz, respectively
is noted for both circuits.

The advantage of series connection for HC coils is that
they are crossed by the same current.

A different C, capacitor connected in series with the
HC equivalent circuit was used in order to achieve the
desired resonance frequency.

Another result of the simulations is the calculation of
the rated power of the used amplifier at different resonant
frequencies: e.g. 15 W at 500 Hz and only 5 W at 5 kHz
(depending on the magnetic induction required in the cali-
bration process). Thus a 25 W power amplifier fully co-
vers the needs for the usual calibrations made with this
HC system.

Series resonance
of parallel coils

Series resonance
of series coils

Series-parallel resonance
of series coils

Series-parallel resonance
of parallel coils

C,

Li=Ly; Ri=Ry; Cpy =Cppz

Fig. 16. Resonant configuration to supply HC Coils.




Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

HCs)
1 (Ills 1.5&_
1 1.4A
658n 1.3A-
1.2A
1.1A+
1.0A-
0.0A
0.8A-
Rser=0.1 074
Ac22 064
0.5A-
- ] 0.4A
.ac lin 100 450 550 0.34
0-2:-sz 460HZ d]’lsHI 480Hz  400HZ 50IZIIH2 516".! 52C|IH2 530Hz S540Hz 550Hz
a. Electrical diagram used in simulation b. Source current
Power supply voltage V1 =22 V lcsmax = 1.413 A at 500 Hz
1.54 ljL1) 1.5mA iSp)
147 1.4mA-{ 7
1.3A+ 1.3mA~
124 1.2mA
114 1.4mA:
1,08 1.0mA
0.04 0.9mA
0.8mA—
0.8A- 0.7mA
07A 0.6mA
0.6A 0.5mA-
0.5 ; 0.4mA-
0.4A - 0.3mA
0.3A - 0.2mA
0-2:-sz 460HZ d]’lsHI 480Hz  400HZ 50IZIIH2 516".! 52C|IH2 530Hz S540Hz 550Hz 0-1---:\50"1 dE&Hz 470Hz 4BOHz 400HZ 5IZII5HI 510Hz 520Hz 530Hz Edl:IIHz 550Hz
c. Coil current d. Parasitic capacitance Cp current
I 1 max = 1.414 A at 500 Hz lcpmax = 1.452 mA at 500 Hz

Fig. 17. Simulation of 500 Hz series resonance applied to the HC:
a) electrical circuit; b) the source current; c) the coil current; d) the parasitic capacitance current.

230mA liSs)

200mA
5 180mA-|
160mA

140mA—

120mA-

100mA
Rser=0.1

AC 28 80mA—

60mA—
40mA-

.ac lin 1000 4500 5500

T T T T
4.5KHz 4.6KHz 4.7KHz 4.8KHz 4.9KHz 5.0KHz 5.1KHz 5.2KHz 5.3KHz 54KHz 5.5KHz

a. Electrical diagram used in simulation b. Source current

Power supply voltage V1 =28 V lcs max = 204.78mA at 5 kHz
240mA 1) 24mA licp)
220mA 22mA
200mA 20mA:
180mA 18mA
160mA- 16mA-
140mA- 14mA-|
120mA '\ 12mA:
100mA 10mA:
80mA BmA-
BOmA BmA-
40mA- : AmA-
““I.“SKHZ d.Sll(Hz A.THHz 4.8KHZ 4.9KHZ E.DIIKHZ 51 II(Hl 5.2KHz 5.3KHz SAII(HZ 5.5KHz 2--:‘:"5’“‘2 d.ﬁll(Hz d.?ll(Hz 4.BKHz 4.9KHZ S.CIII(HZ 5.1I|(Hz 5.2I|(H2 5.3KHz 5.4KHz 5.5KHz

c. Coil current d. Parasitic capacitance Cp current
I 1 max = 228.20 mA at 5 kHz lcpmax = 23.42 mA at 5 kHz

Fig. 18. Simulation of 5 kHz series resonance applied to the HC:
a) electrical circuit; b) the source current; c¢) the coil current; d) the parasitic capacitance current.
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VI. EXPERIMENTS AND CALIBRATIONS

The measuring instrument used for calibration is the
EFA-1 transfer standard [17] - a magnetic field analyser
with internal three-axis B sensor that was previously cali-
brated at PTB Germany. This device performs measure-
ments in the range from 5 Hz to 32 kHz (3 dB).

EFA-1 was arranged so that the field sensor was placed
at the origin of the HC coordinate system. In order to de-
termine the precise positioning of the field sensor, the
anti-HC mounting is used. An anti-HC is the same HC,
except the current in the two coils flows in opposite direc-
tions, similar to a gradiometer configuration (differential
connection). At the centre point (x =0,y =0, z= 0), the
magnetic field must be equal to zero. In our experiment
for I, = 0.4 A, the correction is 5 uT.

Self-developed software [18] is used to check the uni-
formity of the magnetic field generated by the HC using
the transfer standard. The magnetic induction is measured
with the EFA-1 transfer standard and the electric current
passing through the Helmholtz coils is determined by
measuring the voltage drop across a shunt, with a Keyth-
ley 2000 multimeter. In order to increase the measurement
accuracy, ten readings were performed on both devices,
and the average value and the standard deviation are com-
puted. The graphical interface of the employed software is
illustrated in Fig. 19, while the result of the calibration of
a magnetic field probe (EFA 300) is shown in Fig. 20.

Calibration of MFCS _IoEd

Tea

Mo re [ | [t ) Mow re  [lafowd (] s Botl [

[berbtl Jhitan

s Bac B el Tola s (00" el / WD)

) TTmCT T

u
coils and magnetic induction
as average of 10 readings.

Table of the mean
measured values in all
measuring points.
B[O 2 659
St ohwrgeg

PR Caltonton Dote: 2108 2000

= At the end of the measurements the data s exported to
to analyze them.

Fig. 19. Graphical user interface of the software for used checking the
magnetic field uniformity.
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Fig. 20. Calibration result: ratio EFA-1/EFA-300.

The measurements included in Table 4, corresponding
to the series resonant circuit were performed in order to
verify the simulation results. As it can be noticed, the
voltage drop across the coils U, at higher frequencies
represent an important limiting factor (e.g. 4 V/turn at
5 kHz for a total applied voltage of 1100 V).

TABLE IV.
THE MEASURED VALUES IN THE SERIES RESONANCE CIRCUIT.
f 50 | 673 | 1213 | 2460 | 5230
[Hz]
I
04 | 04| 04 | 04 | 02
[A]
B 1103|103 | 103 | 103 | 52
[p1T]
U,
21 | 281 | 515 | 1004 | 1100
[v]

VII. CONCLUSIONS

A request from industry customers to calibrate magnet-
ic field sensors for operating frequencies up to 10 kHz led
the authors to verify the extent to which the existing
Helmholtz coil system at ICMET Institute could be used
for this purpose. This system with 1 x 1m rectangular coils
and multilayer solid copper wire winding was built and
certified only for the working frequency of 50 Hz.

The paper demonstrates that the original HC system can
operate without any modification at frequencies at least
100 times higher than the frequency for which it was built.

It determines the magnetic field generated by a HC
system fulfilling the Helmholtz condition and its uniformi-
ty. The analytical calculation of the field uniformity re-
sults in a longitudinal zone of approximately 200 mm on
the coils axis. By using numerical calculations based on
FEM Maxwell software determines a field uniformity
volume for a relative deviation of 1, 2 and 3 %. For a rela-
tive deviation of 2 % taken as a reference, the working
volume is: 180 mm on the coils axis (longitudinal axis
0OY) x 300 mm on the transversal axis (OX), x 100 mm on
the vertical axis (OZ), an acceptable volume for the cali-
bration of many magnetic field sensors.

It can be noted that the vertical dimension of the field
uniformity volume is smaller than the other dimensions —
this is due the wires connecting the two HC coils, which
were carrying currents of opposite directions.

By knowing the spatial distribution of the field devia-
tion relative to the centre value, a field correction can be
applied for sensors exceeding the uniformity volume. The
experimenter can apply the correction by performing the
field integration from the system centre to the longitudinal
extremity.

The performed experiments aimed on the one hand to
confirm the analytical and numerical results for the struc-
ture of the magnetic field and on the other hand to identify
the parameters of the HC system in the extended frequen-
cy range initially proposed.

Some of the important results presented in the paper
are:

- the comparison of the HC coils self inductance: FEM
method vs measurement (76 vs 77 mH);

- the measurement in the frequency domain of all sys-
tem parametersc with an unique device of the Vector
Network Analyzer type;
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- the determination of the resonant frequency
(15.6 kHz) of the HC system which makes possible meas-
urements up to about 10 kHz;

- the application of the series resonance method that
ensures equal currents through the two coils and reduces
the necessary excitation power;

- the exact determination of the true magnetic midpoint
of the HC system taking into account its inherent con-
structive imperfections.
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Cosbuc, Bucharest, Romania.
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