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Abstract - A high sensitivity magnetic transducer able to
sense magnetic fields from DC up to tens kHz is discussed in
this paper. The system is based on a nulling field coil fed by a
current on the basis of the residual field, sensed by a magnetic
sensor (Hall or magneto-resistive) placed in the coil center. In
this way, the coil current proportionally represents the exter-
nal field component along the coil axis, and it can be easily
converted in a voltage signal by a series resistor. Then, a one-
axis gauss meter can be readily obtained. The sensitivity and
the bandwidth of the overall system are discussed by a trans-
fer function analysis. A hardware prototype has been realized,
and significant test results are shown by means of a reference
magnetic field generation set-up. Useful guidelines for the
overall system design are given in the paper.

I. INTRODUCTION

Recently, additional research and public attention have
been focused on possible health effects of low frequency
magnetic fields, with reference to low-level long-period hu-
man exposures. Furthermore, the measurement of magnetic
field has become an important concern in industry over the
past several years. As a consequence, the scientific and
technical attention has been lead towards the development
of apparatus and protocol to accurately sense and measure
magnetic fields [1]. The challenge is to realize magnetic
transducers, or gauss meters, having at the same time high
sensitivity, good accuracy and wide bandwidth, with the
additional requirement to be economically feasible.

Conventional fi-i. measurement technologies [2], [3]
mainly include integrating flux meters (based on Faraday’s
law), fluxgate magnetometers [4], and open-loop magnetic
sensors [5]. The use of Hall effect sensors and magneto-re-
sistive devices has been recently encouraged by the devel-
opment of hardware and software compensation blocks to
improve the system accuracy. In fact, these sensing ele-
ments are inherently non-linear [6] and they are affected by
field strength and temperature. Then, a thermistor is re-
quired as additional component. Various compensation
methods have been considered, such as mathematical mod-
els and polynomial approximations. More recently, E-
EPROM data storage [7] and artificial neural network [8]
have been proposed. In general, these methods exhibit good
results but require instrumentation amplifiers, digital signal
processors, and a laborious tuning or learning process.

In order to overcome these drawbacks, a closed-loop
magnetic transducer based on nulling the field across the
magnetic sensor is considered in this paper. The current
flowing in the nulling coil is driven by the sensor signal. In
this way, the sensor is kept inside the control loop and, if
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the loop gain is high enough, the coil current is proportional
to the magnetic field, regardless to the sensor non-lineari-
ties and temperature drifts. The transducer circuit is de-
scribed with additional details in Section II whereas the
transducer behavior is characterized in Section III by a
transfer function analysis. In Section IV is summarized a
comparison with respect to other magnetic transducers.
Some practical results are presented in Section V, on the
basis of an experimental set-up including a transducer pro-
totype and a magnetic field generation system.

II. CIRCUIT DESCRIPTION

A simplified circuit diagram of the closed-loop magnetic
field transducer is represented in Fig. 1. The magnetic sen-
sor (Hall or magneto-resistive) is placed in the coil center.
It produces a voltage v, proportional by the open circuit
sensitivity parameter K; to the residual flux density along
the coil axes, 4B = B,,, - B,

v, =K, AB. (1)

The sensor voltage is amplified by an op-amp and then
fed to a push-pull amplifier. The push-pull amplifier drives
the coil current i, in order to cancel the magnetic field in the
coil center. The resulting working point, near zero field,
eliminates the dependence on the linearity of the magnetic
sensor and also reduces the temperature drift, as shown in
the next Section. The output current can be converted to a
voltage, v,,, by placing the measurement resistor R,, from
the coil to ground.

The nulling coil consists in an air-core winding having
N, tumns, with a coil resistance R, and a coil inductance L..
The relationship between the coil current i, and the mag-
netic flux density B, at the coil center is given by the field
coefficient K , defined as
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Fig. 1. Simplified circuit diagram of the system
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Eq. (2) is expressed in the case of a circular winding. If
the coil diameter D, is considered in mm, the field coeffi-
cient results in WT/mA.

I11. TRANSFER FUNCTION ANALYSIS

The block diagram of the overall system is represented
in Fig. 2, assuming the nulling coil current i, as the output
and the external field B,,, as the input variable. The result-
ing closed-loop transfer function, representing a current
sensitivity (mA/uT), can be expressed as

I(s) _ 51(5) = Gs)  _ 1 ’ 3)
B, (s) 14 G(s)H(s) H(s)+1/G(s)
where
G)=—2 00D K Gy L,
" R,+R.+sL. R, (1+T.s)" R,
H(s)=Kjp. (5)

It is assumed that the sensor bandwidth (that is usually
the range of MHz) is much greater with respect to those of
the other blocks. Then, the sensor dynamic is neglected and
the corresponding sensor sensitivity K, is treated as a real
number. The op-amp can be considered as a first order sys-
tem to represent its open-loop behavior

K,,
T,
op

(6)

where K,, is the static gain, and 7, is the time constant
(open-loop). Usually, 7,, is in the order of tens of ms, much
greater than 7., that is in the order of tens of us:

T >> T..

)

On the basis of (7) it can be assumed that the op-amp
pole expressed in (6) dominates with respect to the coil pole
in (4). Then, as a first order of approximation, the coil dy-
namic can be neglected, and (4) can be simplified as

K K 1

G(s)=—2£

P — 8
R, l+‘L'0ps ®

Introducing (8) and (5) in (3), a simplified transfer func-
tion of the first order for the magnetic transducer is ob-
tained

Si(s) = :

= . ©)
Kp+ 2= (147, 5)

s op

Eq. 9 can be rewritten in terms of static gain S (0) and
time constant 7 of the overall system (closed-loop):

S1(0)
Si(s) = ———, 10
1(s) T+ Ts (10)
where
T
S1(0)= 1/ Kp and T=——% a1
1+ Rtot 1+KBK:Kop
KpKKop Rior
It will be show later that the loop static gain is
KK K
K, =GO)H(0)=——"% 55 1. (12)
RTOI
Then, (11) are further simplified as
1 T .
Si0=—, T==% or f, =K, [, (13)

K B K tot

The static and dynamic characteristics of the magnetic
transducer are expressed by (10) and (13), and can be sum-
marized in two main points:

e The static gain S| (0) represents the current sensitivity in
terms of mA/UT. §; (0) is an inverse function of the field
coefficient K3, i.e., it depends on the geometrical charac-
teristic of the nulling coil only.

As a consequence, S| (0) can be expressed by (2), regardless

to non-linearity or thermal drift affecting the open circuit

sensitivity coefficient K of the magnetic sensor.

e The cut-off frequency f,, representing the bandwidth of
the magnetic transducer, is K,,, times the open-loop one
of the op-amp, f;,, as shown in (13).

In particular, (12) says that the lower is the total resistance
R, the higher is the bandwidth. On the other hand, the
measuring resistance R,, should be high enough to have a
good output voltage level.

The value of K should be chosen by a compromise also:
it is advisable to be high enough to obtain a wide band-
width, but it should be limited to have a good current sensi-
tivity in terms of mA/uT.

The static gain can be represented in terms of output
voltage sensitivity Sy (0), expressed in mV/uT, as

Vi Vop Vip 1 I.
K, > Gop(s) 1 —» >
R, +R, +sL,
field operational push-pull coil and
sensor amplifier measurement
parameters
Ky
coil field

Fig. 2. Block diagram of the closed-loop magnetic transducer
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. R
SV (0) = RIHSI (0) = RZOISI (O) = —tor .
Kp
Then, it is useful to introduce a “gain-bandwidth prod-
uct” (GBP) for the transducer, as the product between the
voltage sensitivity and the closed-loop cut-off frequency

(14)

R
GBPy = Sy (0)- f, = ~2L. K

K totJ op =K, 'Kopfop' (15)
B

By introducing in (15) the GBP for the op-amp, yields
GBPy = K -GBP,, . (16)

Eq. (16) states that the overall GBPy of the closed-loop
magnetic transducer is practically affected only by the open
circuit sensitivity of the magnetic sensor, and the GPB of
the op-amp. By changing all the other circuit parameters re-
sults in increase the sensitivity and corresponding decrease
the bandwidth, or vice versa.

IV. COMPARISON WITH RESPECT TO OTHER
MAGNETIC FIELD TRANSDUCERS

As known, the operating principle of integrating flux
meters is based on the Faraday’s law of induction. As a
consequence, flux meters require a very stable integrator to
obtain the magnetic field with a good accuracy, starting
from the voltage induced on a coil probe. The main advan-
tage of magnetic field transducers based on Hall-effect or
magneto-resistive sensors with respect to integrating flux
meters is the possibility to accurately sense extremely low
frequency, including DC fields. In addition, magnetic sen-
sor can be moved during the measurements, whereas the
coil probe of the flux meters must stand still, to avoid in-
duced voltage perturbations.

The main advantage of the proposed closed-loop trans-
ducer with respect to the open-loop ones is to overcome the
problems related to the compensation of non-linear behav-
ior and thermal drift of the magnetic sensor element. Then,
the closed-loop system leads to higher stability, better accu-
racy and reduced costs.

On the other hand, the proposed system introduces a
field perturbation in the region around the transducer, due
to the compensating current through the nulling coil. In the
case of circular coils shaped as a ring, it is possible to
evaluate the disturbance filed B, by considering the expres-
sion of the magnetic at the distance J far from a circular
current loop

2 N .i. .
B, E0.0STCD;-;‘?(—, uT) with d>>D.,.. 17)

Introducing (2) in (17), the ratio between the disturbance
field B, and the field B, in the coil center, i.e., the measured
one, can be determined

By _1(D.Y
B ~8ld)’

o

(18)

Eq. (18) shows that the relative field disturbance is about
0.1% at a distance d only five times greater than the coil di-
ameter D.,.

An additional drawback of the closed-loop transducer is
the alteration of the transducer sensitivity in presence of
ferromagnetic objects in the close proximity of the nulling
coil, owing to the variation of field coefficient K3, as ex-
pressed by (2). Anyway, these perturbations are negligible
if the distance of the ferromagnetic objects from the nulling
coil is smaller with respect to their geometric dimensions.

V. EXPERIMENTAL SET-UP AND RESULTS

Significant experimental tests carried out on a prototype
of the measuring system are presented in this Section. A
practical realization of the closed-loop magnetic transducer
is described in Subsection 4, together with some practical
considerations. A reference magnetic field generation sys-
tem able to generate the testing field is described in Sub-
section B. The experimental results are presented in Sub-
section C, emphasizing the static and the dynamic charac-
teristic of the magnetic transducer prototype.

A. Magnetic transducer prototype description

A magnetic transducer prototype has been realized on
the basis of the specific guidelines given in Section III. Two
windings with different turns number have been wound: the
coil #1 has N. = 10, the coil #2 has N, = 50. The main geo-
metric and electric parameters are given in Table I.

In order to emphasize the prototype behavior in its whole
frequency range, it has been chosen to limit the bandwidth
to few kHz, since the magnetic field generation system
cover a frequency range up to 5 kHz (see the next Subsec-
tion B).

TABLE I
ELECTRIC AND GEOMETRIC PROTOTYPE PARAMETERS
Parameters Symbols Values Units
Coils #1/#2
Diameter D. 53/50.5 mm
Turns number N, 10/ 50
Resistance R. 1.2/57 Q
Inductance L, 12 /280 uH
Op-amp characteristics (rated, open-loop)
Cut-off frequency fop 25 Hz
Static gain Kop 106 dB
Gain BW Product GBP,, 5000 kHz
Circuit and sensor parameters (rated)
Measuring resistance R, 100 Q
Power supply Eu +12 A\
Sensor type magneto-resistive
Open circuit sensitivity K 0.045+0.106 mV/uT
Frequency range §A 0to 1M Hz
TABLE I
STATIC AND DYNAMIC PROTOTYPE PARAMETERS
Parameters Symbols Coil #1 Coil #2 Units
Field coeff. Ky 0.238 1.247 uT/mA
Loop gain K, 21+50 106+250
Cut-off freq. fo 0.5+12 2.6+6.2 kHz
Current sens. Si(0) 4.2 0.80 mA/uT
Voltage sens. Sv(0) 420 80 mV/uT
GBP (voltage) GBPy 210+500 210+500 kHzmV/uT
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In Table II are reported the main static and dynamic pa-
rameters of the magnetic transducer, calculated by the ex-
pression given in Section III.

Being the static gain of the op-amp high enough, it is
verified that the loop static gain is K, >> 1, as previously
stated in Section III. Then, the current sensitivity S; (0) of
the closed-loop magnetic transducer is only a function of
the field coefficient Ky of the nulling coil.

B. Reference field generation system

A reference magnetic filed generation system has been
realized in order to verify static and dynamic performance
of the transducer prototype. The generation system consists
in a single square loop wire having the side a of about 1m
[9]. The wire is sustained by a solid wood structure, assem-
bled with brass screws. The relationship between supply
current i, and flux density B,,, at the square center is

082
a

B

ext

. = 1.14 uT/A.
l

(19)

s

The working zone is limited to the volume close to the
square loop center, due to the non-uniform filed distribu-
tion. In particular, inside a 10 cm cube placed in the square
loop center, the field deviation is lower than 1%. It has been
analytically verified that the errors in the geometric dimen-
sions affect the field accuracy less than 1%. Then, measur-
ing the instantaneous value of the supply current it is possi-
ble to calculate the corresponding flux density by (19), with
a good approximation [10].

The power supply is from by a HP 6834B Power Source
/ Analyzer, able to generate voltage waveform up to 5 KHz.
All the supply wirings are twisted, and the power set-up is
kept far form the square loop to avoid magnetic field inter-
ferences with respect to the working zone.

C. Experimental tests

In order to obtain significant tests, the transducer proto-
type has been placed in the central working zone of the ref-
erence field generation system, with the sensor/coil axis
aligned with the square loop axis. All the system has been
horizontally oriented so that the earth’s magnetic field, i.e.,

1200 : o ,,
T e coil#l (v.=10) -
1000 =7 ..... Sitting with : e
s ; Sy =420 mV/uT S
E 80— =R — L
N - e
g o
§ 60 ~
g 40 g o o coil #2 (N,=50)
= 2 - . .
§ * Lot e Sfitting with : =
200 15~ S S — Sy =80mVuT |-
o o ———
0 v ! v T T T T T 1
0 2 4 6 8 10

reference flux density, B, (LT)

Fig. 3. Linearity test in sinusoidal steady-state (50 Hz):
measured data (dots) and fitting (dashed lines)

about 35 uT in the Lab, resulted perpendicular to this com-
mon axis, to avoid the corresponding DC field offset. A
simple high-pass filter can be also employed to cut-off the
DC field components in the case of accurate ac magnetic
field measurements.

The first test consists in verifying the transducer linearity
by applying a 50 Hz sinusoidal field waveform having am-
plitude ranging from fractions to tens of uT. The results are
shown in Fig. 3 for both the coils #1 and #2. The measured
data are shown by dots (black and white, respectively),
whereas the dashed lines represent the corresponding linear
fitting. The voltage sensitivities (mV/uT) resulting from
Fig. 3 confirm the calculated ones shown in Table II.

In Fig. 4 the frequency response (p.u.) of the magnetic
field transducer is shown with reference to both coils #1
and #2. Also in this case, the measured data are shown by
dots (black and white), whereas the dashed lines represent a
fitting on the basis of transfer functions of the first order.
The resulting cut-off frequencies f,, representing the trans-
ducer bandwidth related to the two different coils, are 700
Hz and 3.45 kHz, respectively, well inside the calculated
ranges shown in Table II.

The prototype behavior considering different flux
density waveforms is shown from Fig. 5 to Fig. 7. The left
column (a) concerns the coil #1, whereas the right column
(b) concerns the coil #2. The waveforms of the magnetic
flux density are represented on the basis of the voltage drop
across a 0.47 Q resistor connected in series with the current
supping the reference field generation system. On the basis
of (19), the resulting scaling factor is: 1.14 (UT/A) / 0.47
(Q)=2.43 (UT/V).

Fig. 5 shows the sinusoidal steady-state behavior at low
frequency (50 Hz), with field amplitude of about 2 uT. Fig.
6 and 7 show the prototype behavior in response to trape-
zoidal and rectangular field waveforms, respectively (400
Hz, 1.5 uT peak). The different transient performances are
emphasized with reference to the different dynamic char-
acteristics related to coil #1 and coil #2.

In general, all the experimental results show satisfactory
performance for the closed-loop transducer, in good agree-
ment with the theoretical predictions.
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0.1 —— R ———rrrn
10 100 1000 10000

frequency, f (Hz)

Fig. 4. Frequency response at B = 2 uT (peak):
measured data (dots) and fitting (dashed lines)
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Behavior of the closed-loop magnetic transducer considering different flux density waveforms

(a) - Coil #1, N. =10 turns (b) - Coil #2, N. = 50 turns
upper traces: (1) reference field signal (2.43 uT/V) upper traces: (1) reference field signal (2.43 uT/V)
lower traces: (2) output voltage, v,, (2.38 uT/V) lower traces: (2) output voltage, v,, (12.5 uT/V)
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(a) Fig. 7. Rectangular field waveform (400 Hz)
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V1. CONCLUSION

A magnetic field transducer able to sense magnetic fields
from DC up to tens kHz is discussed in this paper. The
closed-loop operation allows to overcome the know problems
of magnetic sensors in terms of non-linearity and thermal
drift, avoiding additional hardware and software compensat-
ing blocks to be included in the measuring system.

The sensitivity and the bandwidth of the closed-loop
transducer have been discussed by transfer function analysis,
and a gain-bandwidth product has been introduced. The main
advantages and disadvantages with respect to other magnetic
transducers are given in the paper.

A hardware prototype was realized, and the analytical de-
velopments have been verified by means of a reference mag-
netic field generation system. The experimental tests on the
closed-loop transducer show a very good sensitivity, and flux
densities in the order of fractions of UT have been usefully
sensed in a frequency range up to tens kHz. On the basis of
an additional RMS to DC converter and a millivolltmeter, a
one-axis gauss meter can be readily obtained.

Useful guidelines for the transducer design are given in
the paper, in terms of output current and voltage sensitivity,
cut-off frequency and nulling coil parameters.
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