1S
S

Intellectual capital is the foundation of innovative development 2023 Part 3 %

KAPITEL 1/ CHAPTER 1
MATHEMATICAL MODELING OF FREQUENCY TRANSDUCERS OF
THE RADIO MEASURING DEVICE OF MAGNETIC FIELD INDUCTION

DOI: 10.30890/2709-2313.2023-18-03-014

Introduction

Measuring magnetic field induction as a characteristic of the magnetic field is one
of the most important tasks in the field of creating and ensuring the functioning of
navigation, orientation and stabilization systems; shielding of quantum computers,
magnetic tomography, flaw detection and non-destructive testing of products, as well
as implementation of security and protection systems of various objects. High-
precision magnetic field measuring devices are also used for searching and detecting
magnetic anomalies in space, in the air, underwater, surface and underground
environments, during geophysical and geological monitoring, measuring large
currents, etc. [1 — 7]. Magnetic fields are usually divided into super-strong (over 100
T), strong (from 4 to 100 T), medium (from 0.05 to 4 T), and weak (less than 0.05 T)
[1, 2]. Depending on the field of application of the magnetometer and the value of the
measured magnetic field, the problem of choosing one or another primary measuring
transducer of the magnetic field arises. The development of modern mobile robotic
complexes for both terrestrial, underwater and space purposes requires anticipatory
development of magnetometers with high sensitivity for measuring weak magnetic
fields and use as part of navigation, orientation and stabilization systems [8-10]. Very
often, the measurement of the induction of the magnetic field must be carried out under
the influence of external disturbances of the Earth's magnetic field.

Currently, many devices have been developed for measuring magnetic field
parameters. Among them there are also very sensitive - SQUIDS. But they have not
received practical application, for example, in navigation systems, in military
intelligence to determine the location of sunken submarines, in geology, since these
devices require cryogenic equipment, which limits the scope of their use. Thus, there
is a need to develop devices that will meet the requirements of energy consumption,
sensitivity, geometric dimensions and mass, which will allow solving the above
problems more accurately and qualitatively.

The magnetic field sensor is a sensitive element of any magnetometer and is
designed to convert the measured value of the magnetic field into an electrical signal,
most often into a voltage [7, 8].
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One of the main components of measuring devices is a sensor, which can consist
of two key elements: a sensitive element and a special scheme for processing the output
signal of the sensitive element (transducer, buffer stage), which depends on the
specifics of the device's application. The signal processing scheme is necessary to
convert the analog signal of the sensitive element into a form suitable for coordination
with control and measurement units. Most often, the main elements of processing
circuits are amplifiers and analog-to-digital transducers, but there are other approaches.
In particular, the use of frequency conversion in the magnetic field sensor allows to
increase the sensitivity of the sensor [8, 11-16].

Based on the above, a promising scientific direction is the development and
creation of magnetic field induction measuring devices that use semiconductor sensors
with self-generating frequency transducers [14, 15-18]. The use of an autogenerator
frequency transducer with a semiconductor magnetosensitive element as a sensor of a
radio measuring device allows you to compensate for active losses in the device and
increase the transmission coefficient of the measuring transducer. Thus, the
improvement of highly sensitive magnetic field induction measuring devices, which
include a frequency transducer with a magnetosensitive element, is an actual direction
of scientific research [17].

1.1. Mathematical model of the radio-measuring frequency transducer of the
magnetic field based on the Hall element and transistor structure on field-
effect and bipolar transistors

Since the main element that determines the sensitivity of the measuring device in
this case is a frequency transducer with a semiconductor magnetosensitive element, we
will focus on improving their mathematical models with three different circuit
solutions.

To determine the theoretical characteristics and conversion functions of radio
measuring transducers, it is necessary to create a mathematical model of the proposed
schematic solutions of the transducers. The first schematic solution is shown in fig. 1.

In this schematic solution, a Hall sensor is used as a magnetically sensitive
element, an active inductance is built on transistor VT3, and a controlled equivalent
capacitance is built on transistors VT1 and VT2. The principle of operation of this
radio-measuring frequency transducer of the magnetic field with a frequency output is
based on the change in the generation frequency of the transducer depending on the
change in the level of the informative signal (which depends on the induction of the
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measured magnetic field) from the Hall sensor. For this purpose, the equivalent scheme

of fig. 2 with MOSFET and bipolar transistors, and with a Hall sensor as a sensitive

element [21].
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Figure 1 — Electrical diagram of a radio measuring frequency

magnetic field transducer with a Hall sensor
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Figure 2 — Non-linear equivalent circuit of the radio measuring device

magnetic field frequency transducer with a Hall sensor

The main characteristics of the magnetic induction frequency transducer in the
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dynamic mode are the dependence of the active and reactive components of the total
resistance at the outputs of the drain-collector transistors structure, the conversion
function and sensitivity to the action of the magnetic field. The equivalent circuit (Fig.
2) of the magnetic induction radio measuring transducer (Fig. 1) takes into account the
nonlinear properties of the circuit, since the oscillator can operate both in linear and
non-linear modes.

The equivalent scheme of fig. 2 contains the following elements: R.— ohmic

resistance of the gate electrode; R, — resistance between the gate and source electrodes;
R, — drain- source resistance; R, — resistance p-n of the drain transition; R,— resistance
p-n of the source junction; R — substrate resistance; R, — base resistance; R.— collector
transition resistance; R,— emitter junction resistance;R,, R,, R,, R,, R,— supports of

the divider.

To simplify the scheme of fig. 2, we will convert the elements or their groups into
equivalent complex supports, and also use equivalent schemes of substitution of
parallel and series connection of elements. Thus, we get the transformed equivalent
circuit of fig. 3.

Figure 3 — Transformed nonlinear equivalent circuit of the magnetic induction
frequency transducer

Having used the complex form of writing for all elements that determine the mode
of the circle under alternating current, we will present geometric operations on vectors
with their algebraic images, and apply all relations and laws of circles under direct
current to the calculation of circles under alternating current. With a complex form of
recording, the methods of calculating circles by direct current, such as the method of
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loop currents, the method of nodal potentials, the method of transformation, and others,
can also be used to calculate circles by alternating current. In the scheme of fig. 3, the
following transformations of the complex resistances of the elements are used:

RGS1 RCZ?S, WCGS, J

. J
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The conversion function of the circuit is the dependence of the frequency of the
generated oscillation on the induction of the magnetic field for this circuit solution. To
find the transformation function, it is necessary to solve a system of equilibrium
equations, the equations of which are composed according to Kirchhoff's laws. We
mark the loop currents on the equivalent circuit of fig. 3. The equivalent circuit

showing the loop currents is shown in Fig. 4.

Figure 4 — Equivalent circuit of the transducer with loop currents
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The system of Kirchhoff equations for the scheme of Fig. 4, according to the
directions of the loop currents, has the form:
0=(Z,+Z,+Z,)i;—Z,i, - Z,, (1, +i,)— Z,,i

12 6’

0=(Z, +Z, +Z, )i, +Z, i, +Z, ii;

U, (z +Z) —Z, i~ Z, i

+ 2+ 2+ 2, )iy = Zo by~ Ziiy = Zoj = Zyiy + Z, (1, — 1)

19710

Zy + 2+ 2, )i = Zy i = 2o, — 2,0, — 2,

12 5’

Zo+ Zy+ 2, + 2+ 2, )iy + Zidy, = Zoji = Zogfiy = 2y = 2o = Zy B

(
(
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(
=(
=(

+Z 42 )i+ Zi A Z i + Z, (1, —1,);

16710 17711

(2. +2, )i, +Z i, + 2,

Ry 1]’

Zo + 2+ 2o+ 2,y )i+ Zo by = Lol + oy + Zogi

15711 16712 19722

=(
(Zo +Zs+ 2, )in+ Zy iy = Zyghy + Z

=(Z,+Z,)i,+Zji - Z,i,+Z,(1,+1,)-Z,(1,+1,);
=(Z2,+2,+2,)i,-Zi,+Z,(i,+1)-Z,i,+ Z,1, - Z (1, +1)-Z, (1, +1,);
=(

(

(

Z+Z,+2Z)i,—Z +Zi,+ 2, +Z (1, +1,)-Z, (1, +1,)-Z, (1, +1,), (1)

+Z)i,—Z,j, —Zg +Z,(1,+1,)-Z,(1,+1,);
Z+Z)ig—Zids—Zi,+Z,(1,+1,)-Z,(1,+1,);

Having solved the system of equilibrium equations, we will find the total
resistance at the electrodes of the transducer. Next, we will decompose the total
resistance into real and imaginary components, determine the equivalent capacitance
of the oscillating circuit, which depends on the magnetic induction.

Currents [, (substrate-drain junction current) and/,, (substrate-drain junction

current) in the linear mode if the condition is fulfilledu, <, -U,), are determined
according to the expressions [19]
I, =1_(expU, /(NU,)-1), (2)
wa =1 (expUy, [ (NU,)=1), 3)
where [ — the saturation current of the p-n junction of the substrate;U, —
substrate-source voltage;U,,— substrate-drain voltage; N — coefficient of non-ideality
of the substrate-flow transition; U, is the temperature potential of the p-n junction.

The static output characteristic of the MOSFET transistor in the linear mode is
described by the expression [19]
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where L— channel length; U — gate-leakage voltage; U, is the threshold voltage; w
— channel width; z— mobility of carriers in the channel; C,— specific capacity of the
oxide; U, — drain-leakage voltage; U, is the threshold voltage.

The threshold voltage of the MOSFET transistor for analytical models is
described by the expression [22]

1
UT:¢Si02+2¢B_%+F\,4gS.q.NA.¢B > (5)

0 0

where Q,— specific surface charge, @/ n*;e,— relative electrical permeability of

the semiconductor; N, — concentration of impurities; ¢, 1s the Fermi potential, which is
described by the following expression [22]

0, =+kT /q-In(N,/n) . (6)

The drain current in the saturation mode atu, > (U, -U,)is described by the

formula [22]

-C,-W
o = (W, 420, +U, WU, +20,)- o
4
_12¢B(Ugs - gDB _§K§0113/2))9
where
Uy, =Uy =20, +K*(1-(1+2U,,/ K*)"), (8)
K =(ggqN,/ C)". 9)

Drain-leakage resistance R, in the linear region is determined by the formula
[19]

L
Rds = (U S
wuC, ¢

~Up), (10)

and in the saturation region
C12[ LU, ~U, )" =25, 1gN) (U, U, )] )
WuC,(2¢,/gN )"
1
U, #2007 +0, U, +20,)-120,U, ~0, 4/ 3Kp)")

ds

(11)

whereU, — voltage on the stock; U, is the drain-drain voltage in the saturation

mode.

Solving the system of equations 1 with the help of computer technology made it
possible to obtain the theoretical dependence of the active and reactive components of
the total resistance, as well as the transformation function and the sensitivity function,
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which is a derivative of the transformation function. In fig. 5 shows the theoretical
dependence of the active and reactive components of total resistance on magnetic
induction.

Consider the scheme of Fig. 4 and the system of equilibrium equations (1). The
Lyapunov function is a scalar function defined on the phase space of the system, which
can be used to prove the stability of the equilibrium position [21].
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Figure 5 — Dependence of the active component of the total resistance of the
transducer on the induction of the magnetic field at different supply voltages:
R1(B) —atU, =6V; R2(B) - atU, =5.5V; R3(B) - atU,, =5V

Lyapunov functions allow establishing stability or instability of the system [21].
Based on the scheme (Fig. 4) in accordance with the Lyapunov method, the conversion
function of the radio measuring transducer is determined, which represents the
dependence of the generation frequency on the magnitude of the magnetic induction.

The analytical dependence of the transformation function has the form

F(B)= L A% +RyACp, = L,,Cpsr + 4, (12)
2L, Cp, A’ ’

€Ke

Where Al = CB (B)RB (B) b AZ = \/1412 + RH (B)AICDSZ - LeKsCDSZ)z + 4LeKsCDSZA12 s
C,(B),R,(B)1s the equivalent capacity and resistance of the magnetosensitive
element, L, is the equivalent inductance of the frequency transducer, C,, is the junction

% eke

(drain-drain) capacitance of a two-gate transistor.
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Figure 6 — Dependence of the reactive component of the total resistance of the
transducer on the induction of the magnetic field at different supply voltages:

X1(B) —atU, =6V; X2(B) - atU, =5.5V; X3(B) - atU,, =5B

The graphical dependence of the theoretical transformation function is presented

in Fig. 7.
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Figure 7 — Graphs of the theoretical conversion function of the magnetic field
transducer at different supply voltages: F1(B) — atU, =6V; F2(B) - atU,,, =5.5V;

F3(B) - atU,, =5B

The sensitivity of the transducer is determined as a derivative of the conversion

function based on expression (13)

Thus, after performing the transformation, we get the equation

S(B)=‘

d(F(B))
dB |

(13)
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The sensitivity graph is presented in Fig. 8. If we consider a magnetic field radio
measuring device with such a radio measuring transducer, then since the output value
of such a sensor is frequency, we can choose a digital frequency meter of instantaneous
values as a means of measuring frequency. The conversion equation of this frequency
meter is given in the form [20]:

N=leog gl
T, Sx

By substituting expression (12) into the conversion equation of the frequency
meter, we obtain the conversion equation of the entire device:

/. (15)
F(B)

As can be seen from the graph of fig. 8, the greatest sensitivity of the device lies
in the range from 0...100 mT and is 300...600 Hz/mT. For the theoretical conversion
function of the magnetic field induction radio measuring transducer at a supply voltage
of 5V, we will linearize it. Let's divide the measurement range into three sub-ranges:
the first 0...0.2 T; the second 0.2...0.8 T; the third 0.8...1 T.
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Figure 8 — Theoretical dependence of sensitivity on the amount of magnetic
induction at different supply voltages: S1(B) — atU,, =6V;

S2(B) - atU,, =5.5V; S3(B) - atU,, =5V

Using the mathematical package MathCad, we obtain the following expressions
for the transformation function in subranges:

£.(B)=620B+889; f,(B)=183B+992; f,(B) =508 +1085.

In fig. 9 shows the theoretical transformation function and approximated straight

linessubranges.
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Figure 9 — Graphs of the theoretical transformation function and its
linearization lines in subranges
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Thus, upon linearization of the transformation function, we obtain the following
sensitivity values in the subranges: 0-0.2 T:S,(B)=620Hz/mT; 0.2-0.8 T:S,(B)=183

Hz/mT; 0.8-1 T: S,(B) =50 Hz/mT.

We will calculate the maximum nonlinearity error for each subrange using the formula:

A
o= (16)
" | f B f H |
where A — the maximum deviation of the transformation function from the static
characteristic, f,, f,, 1s the value of the transformation function at the end and at the

beginning of the subrange.
By substituting numerical values, we get for eachsub-range:
- :1012—1007:() . H2=1091—1076=0’ ;7/1%:1128,5—1128:
1012-890 1138-1028 1135-1125
We can reduce the nonlinearity error by dividing it into a larger number of

> ’}/ >

subranges. Using laboratory equipment, an experimental study of the functioning of
the frequency transducer on bipolar and field-effect transistors without a magnetic
sensor was conducted. For the demonstration, the static current-voltage characteristic
was taken (Fig. 10) and the process of generating oscillations at different positions of
the operating point on the falling section of the dynamic I-V characteristic was
demonstrated (Fig. 11). When the operating point is placed on the growing section of
the I-V, the generation of oscillations will be absent. Placing the operating point on the
falling part of the I-V curve, we can get the so-called differential resistance in the
oscillating circuit, which compensates for losses in it. In this case, oscillations with a
certain frequency will be generated.

Figure 10 — Static I-V of the frequency transducer on bipolar and field-effect
transistors (one division on the vertical axis — 2mA, on the horizontal axis — 2V)
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Figure 11 — Dynamic I-V of the frequency transducer on bipolar and field-effect
transistors (one division on the vertical axis — 2mA, on the horizontal axis — 2V)

Having analyzed fig. 10 and fig. 11, the generation of oscillations can be fully
confirmed. Moreover, the amplitude of oscillations is greater, the greater the supply
voltage we apply to the frequency transducer. It is also necessary to take into account
the fact that when the supply voltage increases, we change the position of the operating
point on the I-V curve, and at a certain moment the generation of oscillations will
disappear. Another factor in the development and improvement of frequency
transducers for measuring devices is the introduction of their production in modern
integrated technology, where in most cases a supply voltage of the order of 3 Vor 5V
is used.

1.2. Mathematical model of radio-measuring frequency transducer based on
DBMT and transistor structure on field-effect and bipolar transistors

The electric circuit of the radio measuring frequency transducer of the magnetic
field is shown in fig. 12. The circuit consists of a double-collector magnetosensitive
transistor (magnetic field sensor), a field-effect double-gate transistor and two bipolar
transistors (they create an autogenerator device, the generation frequency of which
varies depending on the voltage on the collector VT1).

Transistor VT4, capacitor C1 and resistor R11 form the active inductance of the
frequency transducer. The implementation of active inductance can be performed in an
integrated design, which corresponds to the modern technological process of
manufacturing integrated microcircuits. Physical active inductance is a semiconductor
device in which the necessary phase delay is created inside the device due to physical
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processes in it. To simplify mathematical calculations, we replace in the scheme of Fig.

12 active inductance, which is formed by elements C1, VT4, R11, to inductance L1.

We will get the resulting scheme of fig. 13.

—= Buxio
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Figure 12 — Electrical diagram of the magnetic field radio-measuring frequency
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Figure 13 — Electrical diagram of the radio-measuring frequency transducer of

the magnetic field when replacing the active inductance

The frequency transducer of the magnetic field based on two-collector and two-

gate transistors with an active inductive element works as follows. At the electrodes of

the collector of the bipolar transistor VT3 and the drain of the field-effect transistor

VT2, there is a total resistance, the active component of which has a differential value,

and the reactive component has a capacitive nature. Connecting the inductance

(transistor analogue of the inductance based on bipolar transistor VT4 and the phase-
shifting circuit C1-R11) to the drain of the two-gate field-effect transistor VT2 and the
common bus through the blocking capacitance C1 creates an oscillating circuit in

which energy losses are compensated by differential negative resistance. Resistors R9

and R10 provide the DC power mode of the circuit under study. During the action of a

magnetic field on the two-collector magnetosensitive transistor VT1, the equivalent

capacitance of the oscillating circuit changes, which causes a change in the resonant
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frequency [13, 21, 23]. Resistors R9 and R10 provide the DC power supply mode
(setting the required position of the operating point on the I-V curve) of the circuit
under study. As a result of the influence of the magnetic field on the two-collector
magnetosensitive transistor VT1, there is a change in the equivalent capacitance of the
oscillating circuit, which in turn causes a change in the resonant frequency of the
autogenerator. The equivalent circuit of the radio measuring frequency transducer of
the magnetic field is presented in fig. 14. Resistors R9 and R10 provide the DC power
supply mode (setting the required position of the operating point on the I-V curve) of
the circuit under study. As a result of the influence of the magnetic field on the two-
collector magnetosensitive transistor VT1, there is a change in the equivalent
capacitance of the oscillating circuit, which in turn causes a change in the resonant
frequency of the autogenerator. The equivalent circuit of the radio measuring frequency
transducer of the magnetic field is presented in fig. 14. Resistors R9 and R10 provide
the DC power supply mode (setting the required position of the operating point on the
I-V curve) of the circuit under study. As a result of the influence of the magnetic field
on the two-collector magnetosensitive transistor VT1, there is a change in the
equivalent capacitance of the oscillating circuit, which in turn causes a change in the
resonant frequency of the autogenerator. The equivalent circuit of the radio-measuring
frequency transducer of the magnetic field is presented in fig. 14.

Figure 14 — Equivalent circuit of the radio-measuring frequency transducer of
the magnetic field with DBMT

To simplify the calculations, let's convert the equivalent circuit of fig. 13 to the
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circuit for alternating current, which is presented in fig. 14. For the scheme of fig. 14,
we will perform the following actions: we will enter a complex form of recording for
all elements of the diagram in Fig. 13; convert parallel and serial connections into one
circuit element; denote the loop currents on the diagram.

Using the method of loop currents, we will create a system of equilibrium

equations for this scheme. As a result, we will get the scheme of fig. 15.

Figure 15 — Transformed equivalent circuit of radio-measuring frequency
transducer of magnetic field by alternating current

In the scheme of fig. 15 elements are calculated as:
Zy =R,;Zy =R;Z, =RZ, =R;Z, =R,;Z, =R;Z, =R,;Z, =R,;
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11:1 2R2 CZ _Jl Rz Cz 9Z12:_ 9Z13=RD519214:_ ’
TW g Cos, T Wi Cas, wCsp, wCps,
. . 2
7 —__J 7 R T —_ J .7 _ Res) . Re,wCs,
15 = ° <16 — 1YDs, » 17 T o 18_1 2R2 2 1 Rz 22
wCps, wCsp, + W R55,Cosn +WRG,Cos
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Ry, . R§3WCE3 J .
19 = 102 2/ 2 2 0 20:Rk3;z21:RBd3;ZZ2:_ 3Ly =Ry 32, = jwL;
1+w'R;,Cry 7 14+ WR,,Cpy wCy

Let's write down the system of Kirchhoff equations, according to the directions of
the loop currents
0=(Z,+Z,+Z,)iy +Z,(i, — 1) = Z;i, + Z,is;
0=(Zp, + 2, +Zy+Zs+ Zy )iy +(Zy, + Z, )iy = Zsiy + Z (i, +15);
U=(Zy, +Zg )iy = Zg,ivy = Zy, s
0=(Z,+Z,+Zs+Zg+Z, +Zg)i, — Zsis + (i, +iy ) Z, +(Zg + Z)is + (is + i ) Zg;
0=(Zp, +2Z,+Zy +Zy )iy + Zy iy + Zyiy + Z, (i = 1) = Zy iys + 2,
0=(Z4 VZ+ 2o+ 2+ 2o+ 7y )i5 + Zyiy + (iy +i5) Zs + Zgi, +
iy +ig ) Zg + Zy (i + 1) = Zy iy 5
=(Zy+Zy+Zyy)ig + Zg (is + iy )+ Zy (is + 1,) = Zyody;
=(Zg, + 2y, +Zy)iy = Zyois
=(Z,,+Z,+Z,)ig —Zyiis —Zyjig + Ziy (L, + 1)+ Zsiy, =2y, (L, +1,) = Z,, (1, +1,);
(ZRS +ZR7 +ZRg)i8 - R715 —ZRSig;
=(Zy + Zoy + Zyy, )isy = Zoslig = Loty = Z s
=(Zp, + Zog + Zyg + 2y, )iy = Zog i + Zoy (Is =) = Ziohy = Zyyisgs
=(Zyy + 2y + 2y, )isg — Zoyiyy — Zylyy — Zoy (15 +1iy )
(219 + Zoy + Loy + Ly + Ly )ivs = Zogly = Zonyisg — Lol = L iy + Zygng
=Z, iy — 2L
(Zy, +Zis + Zy + 2, )is = Z iy = Zogiig + Zyghng — 2y iy
=(Zig+Z, +Zyg)irg — Zyghg + Loy + Zgivs + Zys (I, + 1) =2, (L, +1,) = Z, (1, +1,);
=(Z,+2Z,)iy, +Zpsig = Ziging + Zys (I, +1,) =2, (I, + 1)
=(Zis+2Zg)iyg = Zysig = Zyglryg + Z,s (I, +1,) =2, (1, +1,);
(

15%18
14 L lelw +Zl4 (13 +I4)_le (]3 +I4);

(17)

In fig. 16 shows the theoretical dependence of the active component of total
resistance on magnetic induction at three different supply voltages. In fig. 17 shows
the theoretical dependence of the reactive component of total resistance on magnetic
induction at three different transducer supply voltages.

Knowing the dependence of the elements of the equivalent circuit on the influence
of the magnetic field, let's proceed to the definition of the conversion function and the
sensitivity equation. The active inductance is a linear circuit [13], since the
autogenerator operates in the low-frequency range in the linear mode of operation.
Therefore, based on the method of algebraic linearization for the frequency of the first
harmonic of the spectrum of generated electrical oscillations, the equivalent circuit of
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the frequency transducer of the magnetic field will be linear with respect to the

excitation action [94]. The obtained conversion function of the improved radio

measuring transducer has the following form

F = L\/Al + \/A12 + 4LEK8CGDA22
0 =
CGDAZ

27 2L

€Ke

where 4, = L

€Ke6

2 b

(18)

Cop— A2 —Cp AR, (B); A, =C,(B)R,(B); L, — equivalent inductance

of the transistor analogue of the inductance; C,(B)is the equivalent capacitance of the

base region of a bipolar two-collector magnetotransistor; R,(B)— equivalent resistance

of the base region of a bipolar two-collector magnetotransistor; C,, is the capacitance

of the gate-drain region of the MOSFET transistor.
If we consider a radio-measuring device of the magnetic field with such a radio-

measuring transducer, then substituting the expression (18) in (13), we get the

conversion equation of the entire device with the following frequency transducer:

fo

N =

2L

€Ke

27

L Al + \/1412 + 4LeK3CGDA22
CGD AZ ’

(19)

R2(B)33500|—— . S
- - i
R3(B) ~ o
— 3000 S~ I
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Figure 16 — Dependencies of the active component of the total resistance of the
transducer on magnetic induction for three different supply voltages: R1(B) — at
U, =6V; R2(B) - atU, =5.5V; R3(B) - atU,, =5V

The graph of the conversion function of the developed radio measuring transducer

is shown in Fig. 18.
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Figure 17 — Dependencies of the reactive component of the total resistance of the
transducer on magnetic induction for three supply voltages: X1(B) — atU, =6V;

X2(B) - at U, =5.5V; X3(B) - atU, =5V
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Figure 18 — Dependence of the generation frequency on the induction of the
magnetic field of the radio-measuring transducer at different supply voltages:
F1(B) - atU,, =6 V; F2(B) - atU, =5.5V; F3(B) - atU, =5V

The sensitivity function is determined on the basis of the transformation equation
(17) and has the following form
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oC,(B
Sy = —0.0198(—2(73 (B)R,(B)C,, (%), [4,+24, —2C;(B)R, (B)x

X(@CB (B)
oB

j— 2C; (B)Ré(B)[%j ~3C,(BR)(BIC,, (
o, (B)j
OB

5CB(B)j_
0B

2C,,C,(B)R, (B)(%j +8C,(B)R,(B)LC,, (
xR, (B) [ aRaB;B)j +4LC_ R, (B) ( o, ;B) j JA +24, +4R,(B)x

oC,(B oR, (B
x(%)LC@ +4C,(B)LC,, (;—;)),/AI +24, +4LC,,C,(B)x

(GR (B)D/((z\/A +W/A )LCGDC3(B)R (B)\/m)

where 4, =2LC,,(C,(B)R,(B))’.

+8LC,,C2(B)x
(20)

The graph of the measurement sensitivity function is shown in Fig. 19.
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Figure 19 — The graph of the change in sensitivity from the value of the magnetic
induction of a frequency transducer based on a double-collector
magnetotransistor with an active inductive element at different supply voltages:
S1(B) - atU,. =6V; S2(B) - atU, =5.5V; S3(B) - atU,, =5V

As can be seen from fig. 19, the frequency transducer of the magnetic field based
on two-collector, two-gate and two bipolar transistors has the highest sensitivity in the
range from 0 to 200 mT and is 240...405 Hz/mT at a supply voltage of 5.5V.
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For the theoretical conversion function of the radio-measuring magnetic field
induction transducer at a supply voltage of 5V, we will linearize it. Let's divide the
measurement range into two sub-ranges: from 0 to 0.3 T; 0.3 — 1 T. Using the MathCad
mathematical package, we obtain the following expressions for the transformation
function in the subranges:

£(B)=0,35B+840; f,(B)=0,15B+905.
In fig. 20 shows the theoretical transformation function and approximate lines in the
subbands.

F.xlu

1200
1160
1120

1080 J
F(B) 1040

JJJJJ

0 200 400 600 800 1000
B.mT

Figure 20 — Graphs of the theoretical transformation function
and direct lines of its linearization in subranges

Thus, upon linearization of the transformation function, we obtain the following

sensitivity values in the subbands:
0-0.3 T: S,(B)=350Hz/mTI; 0.3-1 T: S,(B)=150Hz/mT]I.

We will calculate the maximum nonlinearity error for each sub-range according
to formula (14).
By substituting numerical values, we get for eachsub-range:
942 -940 . 1007 -1002
71 949839 2 TM2 055950
We can reduce the nonlinearity error by dividing it into a larger number of

0,047.

subranges. But in each specific case, it i1s necessary to determine whether it is
appropriate to do this.
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As we can see from the calculations, that for this variant, even when divided into
only two sub-bands, we get a smaller nonlinearity error compared to the previous radio-
measuring frequency transducer.

The sensitivity of this version of the transducer decreased almost twice with
magnetic induction to 300 mT.

1.3. Mathematical model of radio-measuring frequency transducer based on
DBMT and transistor structure on bipolar transistors

The scheme of the radio-measuring frequency transducer of the magnetic field is
shown in Fig. 21. two-collector bipolar magnetotransistor VT1 is used as a
magnetically sensitive sensor. VT2, VT3 and VT4 implement an electrical oscillation
generator, in which the oscillating circuit is formed by the capacitive component of
total resistance with a negative value of the active component at the collector-collector
electrodes of bipolar transistors VT2 and VT3 and the inductive component of total
resistance at the emitter-collector electrodes of bipolar transistor VT4. As a result, we
have that when a magnetic field is applied to a two-collector bipolar magnetotransistor
VTI, an informative amplitude signal arises that changes the equivalent capacitance of
the oscillator, which in turn leads to a change in the generation frequency of the
oscillator, which significantly increases the sensitivity of the transducer.

—= Buxio

RI R2 R6 VT4
VTZI/ ® L Ug
VTl K 0 F ® . Cl
B _—
® RS R9 RI11
R7 e
R3 VT3 2=
R8 RI10
R4

Figure 21 — Electrical diagram of the radio-measuring frequency
transducer on a bipolar magnetosensitive structure
with an active inductive element

To simplify mathematical calculations, we replace in the scheme of Fig. 21
scheme of active inductance on inductance L1. We will get the resulting scheme of fig.
22.
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R9
R3 VT3 Cl——
RS R10
R4

Figure 22 — Electrical diagram of the radio measuring frequency
transducer on a bipolar magnetosensitive structure
with a passive inductive element

In order to create a mathematical model of this version of the radio-measuring
magnetic field transducer, we need to convert this scheme into an equivalent one, with
further description of it through a system of equilibrium equations. So, let's replace the
transistors with their equivalent circuits and get an equivalent circuit.

The equivalent circuit of the radio measuring frequency transducer of the
magnetic field is presented in fig. 21. It is a linear circuit, since the autogenerator works
in the low-frequency region in a linear mode of operation. Therefore, based on the
method of algebraic linearization for the frequency of the first harmonic of the
spectrum of generated electrical oscillations, the equivalent circuit of the frequency
transducer of the magnetic field will be linear with respect to the exciting action.

For the scheme of fig. 23, we will perform the following actions: we will enter a
complex form of record for all elements of the diagram in Fig. 23; convert parallel and
serial connections into one circuit element; denote the loop currents on the diagram.

Using the method of loop currents, we will create a system of equilibrium
equations for this circuit. As a result, we will get the scheme of fig. 24. The complex
form of recording for all elements of an electric circuit can be used to calculate
alternating current circuits. With a complex form of recording, well-known methods of
calculating direct current circuits, such as the method of loop currents, the method of
nodal potentials, the conversion method, and others, can also be used to calculate
alternating current circuits.
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i

R2

Ri

Us (MU

Figure 23 — Equivalent circuit of the radio measuring frequency transducer of
the magnetic field with DBMT

ZR1

B

Figure 24 — Transformed non-linear equivalent circuit of the magnetic induction
frequency transducer

In the scheme of fig. 24 elements are calculated as:

Zp =R,;Zy =R Zy =RZy =R;Zy =R 52y =R3Zy =RZ, =R, 52, =Ry3Zy =R,
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R, R, wC, j
1 o 1 1 . . . . . . .
= -J Z,=R, ;Z.=R,, ;Z,=— Z.=R,;Z. =R, ;Z.=R
1 1+w2R;C; 1+WR;C; s Loy (R4 Bd, > +4 WCkl s Lis YRRl B, 2 L8 Bd,
. 2 2
7 R 7 —_ J 7 RE2 . REzWCE2 7 = RGS1 . RGSIWCGSI
9 — Ny, ~10 T C ’ 7_1 2R2C2 Jl R2C2 > 11_1+ 2R2 Cz j1+ Rz Cz >
wly, TW LG,y T WhE,Cpy W L Cas, Wi Cas,
R R .wC j
7 —R 7. = E2 . BppWhp __ ‘7 _p -
= e e TR o TRz e T w0 T
Ry, RI:Z’3WCE3 J
= -J ; =R 72, =R, ;2,,=—"—,7Z,.=R, 7, = jwL,.
19 1+W2R23C§3 J 1+WR§3C§3 s £ VRSP Bdy > &2 WC,@ s L3 B, 2L, = JWh

We take the method of contour currents as the basis of the study. We determine the
independent contours of the transformed equivalent circuit in fig. 22 and mark in these
contours the directions of the corresponding contour currents. The system of Kirchhoff
equations, according to the scheme, has the form (21).

0=(Zy, +Z,+2Zy +Zy )iy + Zy iy + Zyiy + Z, (i = 1) = Z iys + Z,4y;
0=(Z,,+Z,+Zy)iy +Zyiys +Zsiy + 25 (L, + 1)+ Z5i,
0=(Z,+Z,+Z,)iy +Z,(i, = 1))~ Z,i, + Z,is;
0=(Z,+Z,+Z;+Zs+Z, +Zy)i, = Zyiy +(iy +1, ) Z, + (Zg + Z)is + (is +1i ) Zg;
U=(Zy, +Zy )iiy = Zy vy = Zg, s
O:(Z4+ZS+Z6+ZS+29+ZR7)1'5+Z4i3+(i4+i5)Zs+Zéi4+
(i, +ig ) Zg + Zo (i +1,) = Zy Iy
0=(Zs+Zg+Z,y)ig+Zg (i +iy )+ Zy (is + 1, )= Z,pi5;
0=(Zy, +Zs, +Zy )iy = Zyois;
0:(ZR5 +ZR7 +ZR8 )iy —ZR7i5 —ZR5i9;
U=Z,i,~Z,is;
=(Zy, + 2oy + Zig + Zy, )iy = Zig iy + Zoy (I =iy ) = Zygiy = Z g
=(Zyy + 2y + 2y, )iyg = Zopiy, — Zoyiyy = Zoy (L5 +iy )

= Zzz + Zz3 "'ZR10 )111 _Zzzllo _223112 _ZR10 U35

+ 2,42, + 72+ 7, )i2 +(ZRz +Zl)i1 —Zyiy + Zs (i, +i5); (21)

Ry

ZR6 +2,+2,+Z, )115 _ZR611 + 2y +Zyjiy; =2 Gy

0=(
0=(
0=(
0=(Zyy +Zsy + 2oy + Zy, ity = Zigly = Zoyisy = Zoyiyy = Ly ity + Zighng’
0=(
0=(
0=(

=(Z;; +Z14)i17 +Zy3hg =Ly + 25 (13 +I4)_Zl4 (]3 +I4);

Solving this system using a computer numerical method, the value of the total
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resistance was obtained. In fig. 25 shows the theoretical dependence of the active
component of total resistance on magnetic induction at three different supply voltages:
R1(B) — atU, =5V; R2(B) — at U, =4V, R3(B) — at U, =3V. In fig. 26 shows the
theoretical dependence of the reactive component of total resistance on magnetic
induction at three different supply voltages: X1(B) —at U, =5V; X2(B) - atU, =4V;

X3(B) —at U, =3V.

xOn 18
16.3 #
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129 ’a -
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R(B) 4 5 i
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Figure 25 — Dependences of the active component of the total resistance on the
induction of the magnetic field for three different transducer supply voltages
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Figure 26 — Dependencies of the reactive component of the total resistance from

magnetic field induction for three transducer supply voltages
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The influence of the magnetic field on the equivalent capacitance and inductance
of the oscillating circuit is transmitted through a change in the parameters of the
elements of the equivalent circuit, so the transformation function is described by the
equation

]56 =7 2 >
27 2L C,C.A,

1 \/_(Al _A3)+\/(Al _A3)2 +8(Ce +Cb)LCbCeA22 (22)
where 4, = 1,,C,C, —(C,+C,) 4, , 4, = C,(B)R,(B), 4, = R;(B)C,(B)C,C,,

exe b e
Leke’

The graphic dependence of the conversion function of the transducer is presented
in Fig. 27.

C,, C,— equivalent inductance, base and emitter capacitance.
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Figure 27 — Graph of the conversion function for a radio measuring transducer
at three supply voltages: F1(B) — atU, =5V; F2(B) - atU, =4V; F3(B) - atU, =3V

The sensitivity of the transducer is determined on the basis of expression (21) and

is described by the equation
A1 OR.(B OR.(B
st =3 2 s cmm e P an @e e B )

1 o ) OR\(B) OR;(B)
+2[2(A1 DJ[ 2<ce+C,,)C3<B>R3<B>( - ) 2Rs<B>Cs(B)Cer( 0B D*

(23)

+24(C, +C,)LC,C,C; (B)R,(B) ( aRélgB ) B / \/(Al —-D,)* +12Y, j /ﬁLCer x

<C2(B)R,(B) —i((—Al +D,+4J(4, - D) +125, )(“;ff’}j /(ﬂLCercsz (BYR(B),

whereY, = (C, +C,)LC,C,C}(B)R(B) .

MONOGRAPH 34 ISBN 978-3-949059-81-0



it

7 e
Intellectual capital is the foundation of innovative development ‘2023 Part 3 %

The dependence of sensitivity on magnetic field induction is shown in Fig. 28.
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Figure 28 — Dependence of the sensitivity of the transducer on magnetic
induction at three supply voltages: S1(B) —at U, =5V; S2(B) —at U, =4V; S3(B)
—atU, =3V

If we consider a radio-measuring device of the magnetic field with such a radio-
measuring transducer, then substituting the expression (22) in (15), we get the
conversion equation of the entire device with the following frequency transducer:

N= Jo . (24)
L ~(4=4) (4 -4 ) +8(C,+C)LC,C. 4
2 2L, .C,C. A,

€Ke6

Analysis of the graphs of fig. 28 shows that as the value of magnetic field
induction increases, the sensitivity of the radio measuring transducer decreases. In the
range from 0 to 200 mT, the sensitivity plots are close to linear. And in this range, the
measurement sensitivity of the radio measuring frequency transducer of the device
varies from 1.8 kHz/mT to 3.3 kHz/mT. An experimental study of the functioning of
the frequency transducer on bipolar transistors without a magnetic sensor was carried
out. For demonstration, the current-voltage characteristic was taken at different supply
voltages (Fig. 29).

From fig. 29, it can be seen that the I-V characteristics of the transistor structure
have both a rising and a falling section. Placing the operating point on the falling part
of the I-V, we can get the generation of oscillations (Fig. 30).
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Figure 29 — Static I-V of the frequency transducer on bipolar transistors (on the
vertical one division — 2mA, on the horizontal axis — 2V)

Figure 30 — Dynamic I-V of the frequency transducer

on bipolar transistors (on the vertical axis one division - 2mA,
along the horizontal axis — 2V)

As can be seen from fig. 30, the amplitude of the generated oscillations

MONOGRAPH 36 ISBN 978-3-949059-81-0



LS

7 e
Intellectual capital is the foundation of innovative development ‘2023 Part 3 %

approaches the supply voltage. The greater the supply voltage we apply, the greater the
amplitude of oscillations we get. Comparing the generated oscillations of fig. 30 with
fluctuations in fig. 10, it can be noted that the amplitude of the generated oscillations
in the frequency transducer with the field-effect transistor is more stable. This, in turn,
will affect the linearity of the transformation function.

For the theoretical conversion function of the magnetic field induction radio
measuring transducer at a supply voltage of 5V, we will linearize it. Let's divide the
measurement range into two sub-ranges: from 0 to 0.3 T; 0.3 — 1 T. Using the MathCad
mathematical package, we obtain the following expressions for the transformation
function in the subranges:

f.(B)=2,4153B+2665 ; f,(B) =1,25286B +3035.

In fig. 31 shows the theoretical transformation function and approximate lines in
the subbands.

F.Iu

4500

.....

200 400 600 800 1000
B.mT

L1

Figure 31 — Graphs of the theoretical transformation function and its
linearization lines in subbands

Thus, upon linearization of the transformation function, we obtain the following

sensitivity values in the subbands:
0-0.3 T:S,(B)=2.41kHz/mT]l; 0.3-1 T: S,(B)=1.25kHz/mT.

We will calculate the maximum nonlinearity error for each sub-range according
to formula (14).
By substituting numerical values, we get for eachsub-range:

3055-3023 _ ) 4y, _3714-3677 _

= T 0,044y, =—— """ =0,043.
1= 3390- 2638 Y2 = 0883412
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In this case, we obtained almost the same nonlinearity error for both subbands. As
we can see from the calculations, for this option, even when divided into only two sub-
bands, we get a slight nonlinearity error compared to the previous radio-measuring
frequency transducer. At the same time, we increase the sensitivity of the transducer
several times.

Conclusions

1. The improved mathematical model of the radio-measuring magnetic field
transducer, which consists of a Hall sensor and a frequency transducer based on two
bipolar and field-effect transistors, made it possible to increase the sensitivity of the
magnetic field induction radio-measuring device, which includes such a transducer. In
the transducer, the influence of the induction and frequency of the external magnetic
field, supply and control voltages on the frequency of the output oscillations of the
transducer was taken into account. The sensitivity of the radio measuring device with
such a frequency transducer was increased in the range of magnetic field induction
measurement 0-200 mT and is 620 Hz/mT.

2. The improved mathematical model of the radio-measuring magnetic field
transducer, which consists of a double-collector bipolar magnetotransistor and a
frequency transducer based on two bipolar and field-effect transistors, made it possible
to reduce the nonlinearity error of both the transducer and the radio-measuring device
of magnetic field induction as a whole. In the improved mathematical model of such a
transducer of a radio measuring device, the effect of induction and frequency of the
external magnetic field, supply and control voltages on the frequency of output
oscillations of the transducer was taken into account. This option has the smallest
nonlinear error of 1.8% of all three investigated options in the range of magnetic field
inductions from 0 to 300 mT.

3. The improved mathematical model of the radio measuring magnetic field
transducer, which consists of a two-collector bipolar magnetotransistor and a frequency
transducer based on three bipolar transistors, made it possible to increase the sensitivity
in the magnetic field induction measurement range of 0-300 mT to a value of 2.41
kHz/mT, in the range of 0 ,3-1 T — up to the value of 1.25 kHz/mT.
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