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ABSTRACT

A mathematical model of a mutual inductance magnetic fluid inclination sensor is established. The
sensing element of the sensor is magnetic fluid. The composite magnetic core suspended in the
magnetic fluid increases the permeability of the medium in the winding. The total magnetic
induction intensity B in the winding is composed of two parts: the excitation magnetic induction
intensity B, and the additional magnetic induction intensity B, generated by the magnetization of
pure iron. The sensitivity S of the sensor and its influencing factors are derived. The output
characteristics of the sensor are analyzed using ANSYS Maxwell simulation software. The results
show that the variable resistance of the measuring circuit can eliminate the residual voltage at zero
point, and the output voltage carrier after filtering and rectification is positive half cycle; The addition
of pure iron to the magnetic core greatly increases the mutual inductance variation between the
primary and secondary windings, and the inclination angle in a small range is linear with the mutual
inductance variation; The recovery force of the composite core is proportional to the displacement.
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1. INTRODUCTION

The inclination sensor is a kind of component
that converts the angle change of the input
measured object into the output electrical signal,
and is widely used in the technical fields of
aerospace, transportation, industrial machinery,
inertial navigation, etc. [1]. At present, the main
development trend of sensor technology is to
develop towards integration and intelligence, and
to develop new materials and processes for
sensors [2]. As a new functional material with
both the magnetism of solid magnetic materials
and the fluidity of liquid [3], magnetic fluid can be
used as a sensitive element of sensors and has
received great attention from researchers. The
application of magnetic fluid has been studied
earlier abroad. Magnetic fluid sensors are mostly
used in military products, and the relevant
literature reports are very few. It can be seen
from the available literature that the United
States, Romania, Russia and other countries
have relatively mature research on the
application of magnetic fluid in the field of
sensors [4-9].

In recent years, China has carried out research
in the application fields of magnetic fluid seals,
sensors, shock absorbers, lubrication, and
designed sensors based on magnetic fluid
acceleration, tilt angle, micro-pressure difference
and other types [10-16]. The magnetic fluid
sensor has the advantages of shock resistance,
high reliability, high sensitivity and good low-
frequency response. Based on this, a differential
transformer type magnetic fluid inclination sensor
is proposed in this paper. The mathematical
model of the inclination sensor is established.
Combined with the differential rectification circuit,
the zero residual voltage of the differential sensor
can be eliminated. The rationality of the design is
verified by wusing the ANSYS Maxwell
electromagnetic simulation software.

2. STRUCTURAL DESIGN AND WORKING
PRINCIPLE

Fig. 1 is the structural diagram of the magnetic
fluid transformer type inclination sensor, which
consists of: primary winding 1,2, secondary
winding 3,4, E-39D epoxy resin 5, transparent
acrylic tube 6, end cap 7, sealing ring 8, pure iron
9, permanent magnet ring 10, magnetic fluid 11.

According to GB/T6109-2008, the diameter of
enameled wire is 0.21mm, the film thickness is

0.015mm, the breakdown voltage is 1900V, the
resistivity per unit length is 0.484 Q/m, and the
number of turns of primary winding is 2000; The
number of turns of secondary winding is 1000. E-
39D epoxy resin has good electrical insulation
performance and is often used to cast small
transformers, where it is used to shield the
mutual inductance of two primary windings. The
oil-based magnetic fluid with model MFO1 is
initially selected, with saturation magnetization of
450 % 50GS, density of 1.23kg/m3 and viscosity
of 20cp. The dimension parameters of each
component of the inclination sensor are shown in
Table 1.

Fig. 1. Structural diagram of inclination
sensor

The sensor is similar to the working principle of
transformer. The movement of the composite
core affects the mutual inductance of the primary
and secondary windings. The size and
parameters of the two primary windings are
identical, and the same direction serial
connection of the synonymous end is used as
the excitation of the differential transformer type
sensor, which is equivalent to the primary side of
the transformer; The homonymous ends of the
two secondary windings are inversely connected
in series and output in differential mode, which is
equivalent to the secondary side of the
transformer. Therefore, the sensor is called a
magnetic fluid differential transformer type tilt
sensor. According to the second-order buoyancy
principle of magnetic fluid, the permanent
magnet ring is suspended in the center of the
tube axis, and the magnetizing direction is along
the axis. Adding pure iron bar can increase the
relative permeability of the magnetic core, thus
increasing the mutual inductance between the
primary and secondary windings. When the
sensor is in the horizontal state, the composite
magnetic core is located in the center of the tube
body, the mutual inductance M, between the
primary and secondary windings at the left
end=the mutual inductance M, between the
primary and secondary windings at the right end,
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the mutual inductance electromotive force U=U,,
and the output differential pressure AU=U-U,=0;
When the sensor is tilted, the composite
magnetic core in the shell deviates from the
balance position under the action of gravity and
moves downward along the inclined tube wall,
M#M,, and the mutual inductance electromotive
force U#U,, that is, the output differential
pressure AU=U-U,#0. Each measured angle 6
There is corresponding differential pressure AU,
and the measured angle can be obtained by
measuring the differential pressure AU 6 Value.
The friction mode between the composite
magnetic core and the tube wall is fluid friction,
which is sensitive and has high measurement
accuracy.

3. MATHEMATICAL
CALCULATION

MODEL

There are three kinds of media in the solenoid
winding of the sensor, which are magnetic fluid,
permanent magnet and pure iron. The magnetic
fluid fills the whole inner cavity of the shell. The
relative permeability of the magnetic fluid is
approximately air. Assuming that the permanent
magnet is fully magnetized to the saturation state,
its relative permeability is close to air. Therefore,
the medium in the coil can be equivalent to two
parts, namely air and cylindrical iron core.

According to electromagnetism, the magnetic
induction strength of solenoid winding with iron
core consists of two parts:

3.1 Excitation Magnetic Induction
Intensity
Excitation magnetic induction intensity B,

established by excitation current | in primary
winding (winding magnetic field with magnetic
fluid as medium);

According to Biot-Sapphire law, the magnetic
induction intensity produced by the solenoid
winding in the axial direction can be obtained.

NI
B =%T(cos6>l—cos¢92) 1)
Where N is the number of winding turns, | is
the length of solenoid winding, r is the
average radius of  solenoid winding,

01,6,respectively 6 The value of angle at both
ends of solenoid can be seen from Fig. 2 6,, cos
6,. The relationship with the field point coordinate
X is

Nvearo )

coSf, = ————u (3)
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Fig. 2. Calculation of axial magnetic field
distribution of solenoid winding

3.2 Additional
Strength

Magnetic Induction

The additional magnetic induction intensity B,
caused by the magnetization of pure iron after it
enters the winding.

Pure iron is ferromagnetic material. When it
enters the solenoid winding, the excitation
magnetic field will magnetize it, and then
generate additional magnetic field. This is
replaced by the magnetic field generated by a
circular current winding on the surface of pure
iron.

Table 1. Dimensional parameters of each component of inclination sensor

External diameter/mm Internal diameter/mm Length/mm
Primary winding 20.4 12 21
Secondary winding 24.6 20.4 21
Epoxy resin 20.4 12 15
Acrylic tube 12 10 80
Permanent magnetring 8 4 15
Pure iron 4 - 30
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(@) pure iron

Fig. 3. Calculation of axial magnetic field
distribution caused by pureiron magnetization

Additional magnetic induction strength:
B, =I;adBa =u—2° j(cosB, —cosh,) 4)

j—Is the ring current per unit length on the
imaginary surface

Magnetization intensity M of an object at a
certain point on pure iron M=x,H,xm is the
magnetic susceptibility of pure iron material, and
M is numerically equal to the circular current per
unit length surrounding the point, that is, j=M.

X

COSQl = W (5)
I, —X
coSf, = ——2A—— 6
=% 2 ©)
There are
B, - HoXH L [, —X %
2\ 2ex? i, —x)? +r2

By electromagnetism:

B =t (H+M) = b (1+ X, )H ®)

=1+ X, 9)
So

B = o H (10)

Introduction of equivalent permeability pe:

y, = Xm (11)
M,
HoXmH = Mol Hu, (12)
The above formula becomes
B A X l, —x (13)

+
A (N I CRN T S

3.3 Total Magnetic Induction Intensity

Total magnetic induction intensity of solenoid
winding with pure iron=excitation magnetic
induction intensity of winding+ additional
magnetic induction intensity of pure iron
magnetization

B-g+p, - FN__ X . 1-X
2| Ix24r2 J=x)? +r2

+IJeBI{ X Ia_X

2

14
Jraz +x2 ! \/(Ia —X)? +r1.? a4

Total magnetic flux:
o=@, +®, =BA +BA, =BrR*+B,m,> (15)

Y=Y +¥,=0ON+D,N,

= I' @, ndx +Ila ®_ndx (16)
0 0
Known L :T , W- flux linkage, |- Excitation
current.
¥, = [ B Andx :j'“o—'”[f(x)]A ndx
0 o 2 (17)
= Inzuon'rz(\/l2 +r? —r)
w, = [ 2 [g09] A ndx
In? la
=L B2 A [ 0] g 00]ax 18)
2 2
=N ok uogem (,/Ia2 +1.2 —ra)
Y=+, = Inzuorr[r2 JIZ 412 —r)
(19)
Pels
= (,/Ia2 +r.? —ra)
The self-induction of primary winding W1 is
L _Hn_ nzuon[rz(\ll2 +r? —r)
| (20)

2
+—'u“32ra (,/Ij +r? —ra)}

The secondary winding W5 is tightly wound on
the outside of the primary winding Wy, so if the
magnetic flux of the primary winding W, enters
the secondary winding W3
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Y,=¥,= |n2[J07T|:I‘2(\/|2 +r? —r)
2
+%(,/Ia2 +r? —ra)}

Therefore, the mutual inductance coefficient M,
between primary winding W; and secondary
winding W3 on the left side is

(21)

¥
M =My =M, = |_13 = NI

{rz( |2+I’2—r)+u97r32( |a2+ra2—l’a)} (22)

At the beginning, the composite magnetic core is
in the middle position. Under the condition of
strict technology, the two windings can be
Symmetrical, that iS, Nl:Nz, N3:N4, Ll:Lz. At this
time, the mutual inductance coefficient M,
between the right primary winding W, and the
secondary winding W, is

M. =M, =n’y,m
2
{rz(\llz +r? —r)+—u‘*2ra ( 12 +r?

o )} (23)

The output induced electromotive force is zero.

When the sensor is tilted, the composite
magnetic core moves to the left Ax, and the
mutual inductance of the left and right sides can
be expressed as

([T )
+,u97raz( (I, +AX) +r2 —ra)} 4

ey
(25)

+H‘*Tra2( (I, —AX)+r2 —ra)}

Assuming that the length of the solenoid is | >
radius r, the magnetic field is nearly uniform
within a large range of the solenoid, the length of
the iron core is |, > radius r,, and the epoxy resin
material between the left and right primary
windings shields the mutual inductance of the
two primary windings, ignoring r and r,, we can
get:

AM =M/ =M/ = n*uomAx (r2u, - 2r?)
- nzuorr%(rjue —2r?)sin@

(26)

When measuring in small angle range

mg

—n2 2 2
AM =n ,uorTT(ra M, —2r )9 27)

The angle change is approximately linear with
the mutual inductance change of primary and
secondary windings, and the sensitivity of this
sensor is

s=AM_ e

5 (28)

.uorr%(razl‘le - 2r2)

Where n=N/l, is the number of winding turns per
unit length, and k is the slope of the restoring
force versus displacement curve. It can be seen
from Equation 28 that to improve the sensitivity
of the sensor, increase the number of winding
turns, increase the cross-sectional area of the
iron core, and select high permeability materials
to increase ye.

4. SIMULATION MODELING AND RESULT
ANALYSIS

ANSYS Maxwell is the leading electromagnetic
simulation software in the industry. Maxwell
transient field solver can accurately calculate the
force, inductance, impedance and other
parameters, so this solver is selected to simulate
the model.

The magnetic field excitation source of the
inclination sensor consists of two parts, one is
the constant magnetic field generated by the
permanent magnet ring, and the other is the
alternating magnetic field generated by the
alternating current as the excitation source. The
permanent magnet ring is set to move in the pipe,
and the model is completely symmetrical about
the central axis of the pipe body, and 360 °
rotation around the axis is the 3D model. In order
to reduce the calculation amount and save the
solution time, the 2D transient field solver is
selected, and the geometric model is
symmetrical about the z axis; In the ANSYS
Maxwell preprocessor, the structural model of the
magnetic fluid transformer type tilt sensor is
established. The ANSYS Maxwell preprocessor
provides geometric modeling, model setting,
material addition, excitation and boundary
condition setting, mesh generation and other
functions.

After the structural model is established, define
the material of each component, set the
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magnetizing direction of the permanent magnet
ring to be the positive direction of the z axis, and
the magnetic property of the magnetic fluid is the
key parameter of the change of the magnetic
fluid inclination sensor sensing signal [4], so set
the relative permeability of the magnetic fluid to
be slightly greater than the relative permeability
of the air, and its value is 1.25; The conductor
model is selected as Stranded, which is used to
simulate the current carried by the wound
conductor. Eddy current effect is not considered
in the calculation; Set the air domain
region=100%, and apply the vector magnetic
potential boundary condition A,=0 to the air
domain, that is, the magnetic field line is parallel
to the air domain boundary, the air domain grid is
divided into 3mm, and the model grid is 0.5mm.
Solve after checking that there is no error, and
the magnetic field line distribution is analyzed as
shown in Fig. 4.

i Acrylic tube
i
Magnetic o
fluid Secondary winding
Primary
inding

pure iron RCgiOﬂ

epoxy
resin

Permanent magnet ring
Fig. 4. Distribution of magnetic lines of force

Set the winding excitation as an external circuit,
and establish the external circuit model in Twin
Builder. The input peak value of the primary
winding is 3V sine AC voltage signal, the
frequency is 500Hz, and the solution time is 5
cycles, a total of 10ms. The excitation voltage
waveform of the primary winding W, is obtained
as shown in Fig. 5.

The external circuit is shown in Fig. 6, which is
the measuring circuit of the transformer type tilt
sensor. The two secondary output voltages of the
sensor are rectified separately, and then the
rectified voltage difference is used as the output.
The variable resistance Rq in the Fig. is used to
adjust the zero residual voltage.

—Input voltage(W)

0.5 4
0.0 4

-0.5

Input voltage(W)/V

-1.0

Time/ms

Fig. 5. Excitation voltage waveform of primary
winding W,

IVolteterl$

Ik

Fig. 6. External circuit

As shown in Fig. 7, the sensor output voltage is 0
when the composite core is at the initial position.
The measuring circuit is full-wave voltage output

type.
1.00
= Output voltage(IVoltmeter]8)
0.75
0.50

0.25

0.00

-0.25

-0.50

Output voltage(IVoltmeter18)/mV

(=]

4 6 8 10
Time/ms

Fig. 7. Output voltage at initial balance
position
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4.1 Output Voltage Analysis

When the inclination sensor is tilted, the
composite magnetic core deviates from the
balance position along the axis of the tube body
under the action of gravity, and the angle tilt is
converted into the translational movement of the
composite magnetic core. The inner cavity of the
tube body is set as the moving area. The moving
object is the composite magnetic core
suspended in the magnetic fluid, moving forward
along the z axis for 1 mm, with a speed of 100
mm/s. The results show that the maximum output
voltage is 119.48mV, and the potential difference
between the two ends of the secondary winding
W, is greater than the potential difference
between the two ends of W, The voltage
difference U,, at both ends of capacitor C; is
greater than the voltage difference Ugg at both
ends of capacitor C,. The voltage carrier after
filtering and rectification is positive half cycle, as
shown in Fig. 8.

140
_—Ompul voltage(IVoltmeter| 8)_
120

=
=}
L

=3
=}
L

&=
=
1

)
=}
1

Output voltage(IVoltmeter] 8)/mV
3
1

71(] T T T T 1
0 2 4 [ 8 10
Time/ms

Fig. 8. Output voltage with Imm movement

Parameterized setting of composite core
movement is 1mm, 2mm, 3mm and 4mm,
corresponding to the increasing tilt angle. It can
be seen from Fig. 9 that the output voltage
increases in turn with the increase of composite
core movement distance.

4.2 Inductance Variation of Different
Cores

Fig. 10 shows the mutual inductance change
between primary winding W; and secondary
winding W3 of the sensor when the permanent
magnet with a diameter of 8mm and a length of
30mm moves forward along the z axis from the
balance position. The inductance matrix is set as
the apparent inductance. The results show that

the incremental curve is basically linear, the
mutual inductance at the balance position is
32.163mH, and the mutual inductance increment
is 0.078mH after the magnetic core moves 1mm.

Output voltage(IVoltmeter| 8) Av=Imm
—Output voltage(IVoltmeter] 8) Av=2mm
——Output voltage(IVoltmeter] 8) Av=3mm
—Output vohage(IVoltmeter] 8) Ax=4mm

140

100

a

Output voltage(I'Voltmeter18)/mV

"o 2 o 6 8 10
Time/ms

Fig. 9. Output voltage of composite magnetic
core at different positions

12244 ——Mutual Inductance M, (W W)

u
=]
o
¥

K

2
]
&

32.208

32.196

32,184

Mutual Inductance M, (W W, )/mH

32172

0.0 0.2 0.4 0.6 0.8 1.0
Displacement Ax /mm
Fig. 10. Mutual inductance increment of
primary and secondary windings of
permanent magnet with magnetic core

Fig. 11 shows the mutual inductance change
between primary winding W; and secondary
winding W3 of the sensor when the composite
core added with pure iron moves forward 1mm
along the z axis from the balance position. The
incremental curve is linear, and the slope is the
sensitivity of the sensor. The mutual inductance
at the balance position is 54.978mH, and the
mutual inductance increment is 3.85mH after the
composite core moves 1mm.

4.3 Recovery Force Simulation

When the sensor is tilted, the internal composite
magnetic core produces a downward component
force along the pipe wall under the action of
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gravity F=mgSin6,The mass of the composite
core is m=7.24g, and its recovery force is
composed of two parts: the second-order
buoyancy force of the magnetic fluid F,, and the
ampere force F,=N¢BIL generated by the
permanent magnet ring in the solenoid. When
Fnt+F.=F is met, the composite core reaches
balance at a certain position. With the increase of
the tilt angle, F increases, the effective number of
turns Ny through the permanent magnet ring
increases, that is, F, increases, and the
composite core reaches a new balance in the
process of movement. Compared with the
existing magnetic fluid sensors, permanent
magnets are installed at both ends of the
shell to provide the restoring force, which
simplifies the structure and improves the
measuring range.

59.0 —Mutual Inductance M,(W],W.,)‘
58.5
E 580
% s
£
= 570
v
S
§ 565
3
3
£ 56.0
3
S 555
=
55.0
54.5
0.0 0.2 04 0.6 0.8 1.0

Displacement Ax /mm

Fig. 11. Mutual inductance increment of
primary and secondary windings with
composite core

A

Fig. 12. Stress analysis diagram of composite
magnetic core

In the parameters option, apply a force condition
to the composite core, and the composite core
moves within £8mm. The simulation results are
shown in Fig. 13. It can be seen from Fig. 13 that

the recovery force of the composite core is O
at the initial position Ax=0. When the sensor
is tilted, the composite core deviates from the
initial position, and the recovery force is
proportional to the displacement, and the linear
area is large.

150+

Restoring force
= - - Linear fitting of "restoring force"

Equation y=a+b*x
Intercept -0.04922 + 1.1945
Slope -20.36269 + 0.25702

Restoring force/mN
[=]

-8 6 -4 2 0 2 4 6 8
Composite core displacement Ax /mm

Fig. 13. Relation between recovery force and
displacement of composite magnetic core

5. CONCLUSION

1) In this paper, a magnetic fluid differential
transformer type tilt sensor based on
mutual inductance principle is designed.
Combined with full-wave voltage output
type measuring circuit, the variable
resistance is used to adjust the zero
residual voltage of the differential tilt
sensor. The output voltage carrier after
rectification and filtering is positive half
cycle.

2) The theoretical formula of the magnetic
fluid differential transformer type inclination
sensor is derived. It is concluded that the
inclination change is linear with the mutual
inductance change of the primary and
secondary windings in a small range, and
the slope is the sensitivity. The simulation
results are consistent with the calculation
results.

3) The magnetic core structure of the
magnetic fluid sensor based on the
second-order  buoyancy principle s
improved, and pure iron is added to
the permanent magnet ring. The simulation
results show that the mutual inductance
change of the sensor after adding pure
iron is significantly higher than that
of the sensor with a single permanent
magnet.
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results show that the
recovery force of the composite magnetic
core is proportional to the displacement,
and the structure is simpler without
external magnets.
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