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Abstract— A personal computer was used for both the
measurement and modeling of technical magnetic fields in
different areas. The field modeling uses basic physical laws
from magnetism in the integral form and is performed by
the numeric integration in MATLAB. The apparatusis able
to measure a relatively low magnetic field. Important results
are presented for the measurement of the DC field in the
electromagnetic flow meter and AC field in the distribution
point. Only simple modéds were applied, nevertheless the
agreement with the experiment is good. Deviations are due
to inaccuracies both in the production and experiment,
predominantly. Their sources are not simple models.
Therefore, the models are applicable for reliable design or
analysis of devices using magnetic field.

field. It is the second, theoretical, reason far thagnetic
field precise measurement.

Other specific areas of the magnetic field modeéing
calculations of magnetically coupled circuit paréeng,
mutual and self inductance. Last but not leastery
complicated application is the modeling of generatbf
ultrasound by Lorentz force excited by a specidl co

These typical and many other special
problems show that the perfect modeling of the ratign
field produced by both the DC and AC excitationrents
is necessary. The verification of models needseréept
experiment. In the paper a relatively general ne:tfoy
both the DC and AC magnetic field modeling is prtsé
and the robust experiment for the verification bgt

Keywords — Computer simulation, computer controlledmodels is shown.

experiment, magnetic field modeling,
electromagnetic flow meter, power distribution pogkin-effect

Biot-Savart wla

Il. THERORY

technical

The modeling technique is based on the Biot-Savart
[. INTRODUCTION Law that is a general formula for the magnetic dfiel

Magnetic field interactions are used in many techini calculation. We present it in a typical form forline
areas, for instance strong field in a small area arcurrentl flowing in a very thin conductor given by the
necessary for contact-less force action [1] andiaha curve K. The magnetic flux densi§(r) in a point of the
extended field performs forces on charged movingosition vector is given by the formula (Biot-Sevaaw)
particles in the electromagnetic flow meter [2]. the
design and analysis of such devices the magnedid fi =1\ _ Mo fOX(F—fO)
should be known. As the structure of the devices is B(r)‘ElﬂK)ﬁdll
complicated, approximated models are used and \r —ro\ (1)
calculations are made numerically. Therefore, the L . . .
experimental verification of the models is necegsar where f, ={,(7; ) is the unit vector tangential to the curve

Another reason of the magnetic field modeling is toK in the point with the position vectory, where is the
examine magnetic fields generated by strong Curenteqnqgyctor elemendl. The sense of the unit vecty is
Typical example is the distribution point [3]. Sip _ . .
currents that flow in distribution points, can leadhigh ~ 9iven by the curreritsense. The universal constagpis
forces between conductors, especially when tramsiti the permeability of vacuum.
effects take a place. In order to estimate theefarthe This form of the Biot-Savart Law is used frequerity
magnetic field produced by the conductors must bealculation of the magnetic flux density generated
known. It can be calculated from currents in thetechnical coils. Other practical forms of the BRdavart

conductors, but the calculation must
experimentally, at least in the initial stage of tesearch.

be verifiedLaw are for the plane and volume currents, if tbagnot

be approximated by line ones. The exciting quaisitje

Because of high currents, distribution points ussurface or volume current density, respectively.e Th

conductors of a large cross section. Due to the eHect,
the current density is not uniform in them evenaat

integration is performed along a given plane orivery
volume, respectively. The formulae can be foundviary

technical frequencies. In this simple case the erurr (€Xtbook.

distribution can be approximated by an analyticairf
and calculated simply. Unfortunately, the soluti®in an

Analytical solutions of (1) are known for specialses
only. Typical example is the magnetic flux densitythe

unusual complex symbolic form. Its understanding isaxis of a circular loop. However, for this papestenight

more difficult and its improper use can lead toisey
errors. Therefore, the experimental verification tbhg
results is again necessary. Since the currenttganside
the conductor cannot be measured,

thin conductor is important. Let us consider thhaé t
conductor is parallel to th& axis and its coordinate,
changes fromL to +L. The conductor intersects the plane

its theoretica{Y at a point of the coordinates,(yy). The integration of

distribution should be verified by an excited magne formula (1) for this case leads to this formulagkm from
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literature [4], for instance, for all components thfe
magnetic flux density

=Fo | Y~ Ya
B0 = o)+ (= ye)?
z-L 7+l
Jz-D2+K,  Jz+D)?+K,,

_:Uo I
ar

X=Xy
(X_Xd)2 +(y_Yd)2

|

Ky =(x=x ) +(y-va),

If DC excitation is used, the current density in
conductors of a large cross section is unifornthincase
of the AC excitation two other well-known effectké a
place: skin-effect and eddy currents. Their reisu#t non-
uniform current density in massive conductors.

As for the eddy -currents, the problem
complicated and probably no simple analytical fdiamu
exists. On the other hand, in the case of skinceffesll-
known theoretical formulae exist for half-spacdijniite
layer and infinite conductor of a circular crosstge. We
derived an approximated formula [3] for the elecfreld
(and therefore also for current density) in thedvaror of
a rectangular cross section of the length along X axis
and of the heigh®b in the direction o¥ axis

_coslox|cosidy +
coslipa/cos
. N\ b (3)
coslpx] = coshpy
+ —O + =
2coslpval 2cos

where the complex attenuation constant is giverthigy

formula
3:@+jH3%Z.

where @ is angular frequencyl is permeability of the
conductor material angis its electrical conductance.

Main complication is in the fact that formula (3)the
approximate solution of equations for skin-effdmtit in
the complex form; therefore the electric field sty (3)
is of no physical meaning. In the symbolic calculsed

B, (xy.2)=
z-L z+L

[J&—LY+KW_JQ+LY+KW
B(xy2=0

: )

where

E(xY)=E,

in the circuit theory physical meaning has real or

imaginary part. Therefore, the skin-effect can mauded
into calculations, if the real part of (3) is usadormulae
like (2) and the currentis replaced by the current density
i in a given point of the conductor cross section.

I1l. EXPERIMENT

is very,

of a big number of the measured points. The bdsickb
schema of the realized apparatus is in Fig. 1 d#drto
the study of the flow meter magnetic field. A space
positioning system controlled by the computer isduor
the probe movement, the probe data are digitalizeide
and unwanted signals are rejected (or reducedjatligi
and then all the important data are stored in tmputer
memory for further processing. The probe movemant c
be controlled either automatically or individually.

The realized apparatus for the flow meter magnetic
field study is in Fig. 2. The symbols are the sasdor
the universal block schema in Fig. 1.

A detailed photograph of the inner part of the flow
meter, after removing the screening, is in Fig. 3.
Excitation coils are well visible.

Total measurement accuracy is given both by thbegoro
and positioning system. Three dimensional (3D)
commercial Hall probe was used for the magnetitd fie
measurement. Main problem is to increase the cowiater
probe sensitivity and save its relative accuracp afor
low values. The solution is described elsewhere [5]

The second limitation of total measurement accurscy
the Hall probe position. The relative position t@nmade
of good accuracy thanks to step motors. The ordplpm
is to determine or check the position of the refeee
point. One solution is the individual movementod Hall
probe into a point of the specific flux density iac For
instance, in the flow meter center of symmetry omhe
flux density component is non zero, theoretically.

| Mo H Pc Hapel A

Fig. 1. General apparatus block schema. Legendfl&®Mmeter,
CS current source, Z and X feed axes, HP Hall pratsgnal
conditioning, ADC analogue to digital converter,
PC personal computer, MD motor driver.

Fig. 2. Photograph of apparatus. Explanation oftsymis in Fig. 1.

Since the plane measurement of the magnetic feeld i

required, the apparatus must be fully automatedaume
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Fig. 3. Photograph of flow meter inner part.

Individual probe moving was realized by use of the
computer control panel shown in Fig. 4. Generahgla
movement is performed by mouse clicking. The probe
position and measured flux density are continuously
displayed.

Fig. 5. Apparatus for the complete power distribathet study.

The second series of fairly different measuremesie
made in the power distribution net. The photograph
experimental arrangement is in Fig. 5. The distidrunet

was experimentally modeled by three parallel massiv
three phase system via

conductors connected to a
transformers. The conductors are star connected

Legend: PG — Power generator Chroma 61704, M —i@eperpose
meter Norma 5000, ADC — Analogue to digital coneeNiDaq,
TPT — Three-phase transformer, DUT — Massive cotoasic
MT — Measuring transformers.

IV. DATA PROCESSING AND SIMULATION

The measurement of the flow meter was made Main task in the experimental data processing is to
predominantly in the DC regime although some ACadateliminate the noise and other unwanted signalsypical

are also available. On the other hand the secamessaf
measurement for the power distribution net can belen
only in an AC excitation. In both cases the flendity is
relatively low of an order of 1 mT or less, therefdhe
effect of noise and other disturbing signals makes
serious problem.

=101 x|

-} PolohovaciStul_2D_10G

Field density
X 0.232 mT
Y 0.031 mT
Z 0.056 mT

->

COM3
[~ Pakroku

Zero

Fig. 4. Computer control panel for probe motiorf@ened
individually.

unwanted signal is the one that comes from the 50 H
mains . A lot of methods for the noise reductioisgbut
some of them may appear to be less effective.h&lldata
processing is made in MATLAB.

A big advantage of the DC regime is easy elimorati
of noise by averaging. The reduction of the unwénte
signal by 40 dB needs averaging through 35 peribds.
the case of the AC measurement the applicatiorhef t
Fast Fourier Transform (FFT) was simple and effecti

The calculation of the magnetic field was made in
MATLAB. Base for the calculation is the Biot-Savadaw
(1) and formula (2). In both cases the numerical
integration is used. If the skin-effect is consetkr
formula (3) was used for the current density disttion in
the massive conductor.

For simple models of the flow meter or distributiost
the MATLAB itself is satisfactorily fast. If the nael
refinement is necessary, the computational speadea
increased by parallel computing. A standard foureco
processor increases speed approximately 4 timésvie
acceptable in many cases. For very complicatedtsies
the use of the working station is planned.

V. RESULTS

A lot of measurements was made for both investgat
devices: flow meter and distribution point. Onlyslza
important or interesting results will be presenteste.
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Verification measurements were made under the sshpl Magnetic flux density .. z=5 mm ...y = 0.5 mm

experimental conditions in order to ensure a good *% .

agreement between the experiment and simple mbhel. 011 e LK

presented results are divided into two parts: floeter o T +

results and skin-effect measurement. ' w0 T
0.09 At * \\

A. Flow meter results = 008 - n

In the case of the flow meter the outer screeniagean fxow +
from a iron tube complicates the magnetic fielddaghe ' /+
tube. Therefore, the first experiments were madth wi 0.06
coils glued on a plastic tube. In the plane of sytmgn(or 0.0 /+
mirror plane) perpendicular to the axial axis otfig axial
componenB, should be non-zero. Parasitic comporgnt 0.04f
should have zero value. The coordinate systemeofidiv I e | e Y |
meter is defined by Fig. 1, the axial axis is tberdinate X [mm]

Y.

The main component along the diameter in the mirrorFig. 8. Parasitic component of the flux densitytia flow meter along
plane is in Fig. 6. The agreement between expetiaesh the diameter in a plane very close to the mirranpl
model is good, especially if we take into accohat there
is a low flux density of an order of 1 mT. ] 1hgagneticfluxdensny ~z=5mm . y=05mm __ probe rotation -4.9° ___ coil shift -1.5°
Experimental points in Fig. 6 are not symmetrieagmall T n
asymmetry is evident. It can be explained by petida o1 i ey
inaccuracy, the coils are not positioned perfectly o1 LT ot j o
symmetrically. We can simulate the coil asymmetryhie 000 f“ I
model by the method of trials and errors. The firsiult - A
is in Fig. 7. The rotation of one coil in the modbg the 2 008 +
angle of 1.5° makes much better agreement between t - i +
experiment and i
model. 0.06 /

Magnetic flux density ... z=5mm ...y = 0.5 mm 005 +
-0.6
0.04 =
0.7
\ 0'0-?50 -40 -30 -20 -10 0 10 20 30 40 50

x [mm]

Fig. 9. Effect of a very small asymmetry in thd position and small
probe rotation along its axis.

T

— 09 R‘
=

3 \+
o™ 1 \

Comparison of the measured parasitic components and

+ .
- ¥ /. + the result from the model for a plane that is velpse to
N il ) L
s NEN g the mirror one is in Fig. 8. The agreement betweedel
Ty . Iﬁ,ﬁ and experlme.nt is only qua_lltat|ve. .
B0 3 20 40 0 1w w4 ~ However, if we take into account the production
X [mm] inaccuracy as in the previous case and add anteadffec

small probe rotation along its axis, as the expeniml

Fig. 6. Main component of the flux density in thewf meter along the  inaccuracy, we obtain results that are in Fig. e T
diameter in mirror plane. improvement is visible. We can conclude from Figo®

7 7 7 that the agreement between the model and expericaant
_Ol.\:leagnellcﬂux density ... z=5mm ...y = 0.5 mm ... probe rotation -4.9° ... coil shift -1.5 be ConSidel‘ed as Very good’ |f we take intO a_.CCUBm
low flux density of an order of 0.1 mT. The field the

07 flow meter is only two times stronger than the leart

/ magnetic field.

08 *X / So far presented results were for the worst casedier
to present the apparatus and model possibilitytaAdard

measurement on a standard device (with screenitiy wa
T along the circle close to the flow meter wall andttie
\ plane positioned at the 20 mm distance from theamir
1 ¢ 7 one is presented in Fig. 10 for main component iand
» ‘Q% J/’ Fig. 11 for the parllra?Iitic dcom&onent. hThIe parasitic
S component is now the flux densiBy, since the plane is at
R 1:@1:%1% E a relatively great distance from the mirror onee Malue
R g e of this component is relatively high.

B [mT]

b

Fig. 7. Effect of a very small asymmetry in thel gaisition.
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Magnetic flux density at plane z = 20 mm

-2.5¢
Flux density above conductors ... f = 45 Hz
10 T .
—Uniform
i A A —skin
5 ; ) Exper.
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Fig. 10. Main com[;(l)(r)lr?g taoéitrrggflctljgstletr;s;thyelr\;vg:rnplete flow meter Fig. 12. The magnetic flux densiBx above conductors in the

distribution net at a low frequency.

Magnetic flux density at plane z = 20 mm

B Flux density above conductors ... I2 = 1353 A ... probe rotation -0.0°
10
4r —Uniform
N —Skin
2 . ,’ b Exper.
- “ B
E o . \
" T oo \ |
-2 : @™ \‘ )
l‘% }‘," \ RS
-Af E 5 ‘N !
_60 50 100 150 200 250 300 350 400
¢ [] o a0 00 50 0 50 100 150 200

X [mm]
Fig. 11. Parasitic component of the flux den8ifyn the complete flow

meter along a circle close to the wall. Fig. 13. The magnetic flux density By above condtgin the
distribution net at a low frequency.

The flow meter screening steel wall must be redlédh Flux density above conductors ... f = 405 Hz
its model. Magnetization of the wall increases tiedd 3 -
inside the flow meter. The simplest model for 9 — Skin
magnetization was used; bounded currents in theescr n A | Exper
that are in mirror position to the exciting oneselr 1 /
values were found by the method of trials and erréhe ol-
agreement between the model and experiment is gbod, = ™
we consider the simplicity of the model. E 1 u
In the complete flow meter results the asymmetrghef ® 2 \ o]
experimental points is visible in Fig. 10. It caa &gain ‘ f
explained by a small production inaccuracy. The 3 i
agreement between very simple model and experifoent 4 {
the z component of the magnetic flux density in. Bity is
almost perfect. J00 45 100 50 0 50 100 150 200
x [mm]
B. Skin effect measurements Fig. 14. The magnetic flux densiB above conductors at a higher

. . . frequency of 435 Hz.
The skin effect was studied in the three phase auency

arrangement, according to Fig. 5, but only the reént ~Comparison between the model and experiment for one
conductor was active. In order to avoid eddy cusiethe  phase distribution net is in Fig. 12 and 13 forhbot
reference time was at the maximum of the excitingcomponents of the flux density. The probe movea tine
current. Since eddy currents are proportional otiime  very close to the upper surface of the conductohe
derivative of the exciting current, at this momt#mg eddy  excitation frequency is 45 Hz. In this case then sifect
currents are not generated, theoretically. is negligible and agreement between the experirapdt
model is good. Small deviations are only at thedcmtor
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edges. Also
dimensions can be used for the explanation of tenia
near extremes in Fig. 12.

Flux density above conductors ... I2 =303 A ... probe rotation -0.0°

1 S
—

-50

—Uniform
—Skin
Exper.

e

—_300 -150  -100 50 100 150 200

X [mm]

Fig. 15. The magnetic flux densiBy above conductors at higher
excitation frequency of 435 Hz.

For frequencies 10 times higher the results arEign
14 and 15. The effect of skin effect is evidentydiokr the
y component of the flux density in Fig. 15. Expennta
points are close to the model curve for skin eff@dte
influence of skin effect is confirmed, but the agrent
with model is only qualitative.

V1. DISCUSSION AND CONCLUSIONS

A computer was used in all routine phases of th
experiment: control of measurement, data procesanug
storage and, finally, comparison with the experitmen
Main computer use is in the device modeling. Modets
based on the numeric integration that is relativgtyple

integrating effect of the probe finite

%

As for skin effect study we showed that for ¢giren
conductor geometry at the frequency of about 40@Hdz
skin-effect takes a place theoretically. Its efféstnot
high; nevertheless, it was confirmed experimentaiiyt
only qualitatively. Main problem is that the extiba
current decreases with increasing frequency anceiig
field is low and difficult to measure. At the frezncy of
1200 Hz the experimental errors are high.

Quantitative verification of the skin-effect forrau(3)
is limited by the low magnetic field that is diffit to
measure precisely. Since the exciting current cabeo
increased, the solution is to increase the prohsitbaty
and accuracy and remove more effectively noisenfro
data.

From the technical point of view good and reliable
models are very important. If they are verified
experimentally, they can be used to the optimungdesf
devices using the computer. The parameters ofzegain
will be close to those obtained by calculationserEffore,
many expensive and time consuming experiments ean b
missed and the device will exhibit optimum paramete

The use of the numeric integration is simple aratide
to the same results as the famous finite elemeitihade
The numeric integration has a lot of advantages. drly
disadvantage is its low speed. It was the reasby, we
preferred the numeric integration approach in sampl
models.
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