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Abstract: Despite the increasing popularity of mechanized coal mining, there are no convenient and accurate means available to
measure the loads of powered supports. The measurement of such loads is important for monitoring mine pressure and ensuring pro-
duction safety. The load-carrying features of a powered support were used to develop a method for load measurement using the mag-
netoelastic principle. A cross bridge-type magnetoelastic stress sensor was designed for the support structures to measure the different
parts of the supports. Tests on single-body hydraulic cylinders and simulated linkages showed that an approximately linear relation-
ship between the values of the sensor output signal and the loads bome by the hydraulic cylinders or linkages. The results were used

to analyze the load-carrying measurements of powered supports with the cross bridge-type magnetoelastic stress sensor.
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1 Introduction

In large coal mines, the hydraulic support is one of
the chief coal mining equipment. It is used for rock
pressure support at the fully mechanized coalfaces.
Despite its increasing popularity in coal mining there
is no convenient and accurate means available to
measure its supporting load. As the hydraulic support
has complex structures, load measurement is very dif-
ficult, which has become a major problem in the ap-
plication of hydraulic supports [1-4]. A quick, con-
venient and precise intelligent instrument is needed
for load measurement of hydraulic supports. A key
technique is to measure the stress in some parts of the
hydraulic support. A cross bridge-type magnetoelastic
stress sensor (CBMSS) was developed based on fer-
romagnetic theories and the structural features of the
powered supports to provide load measurement of hy-
draulic supports. This paper explains the CBMSS
structure, and the principle and method for the
mechanical stress measurement. The load measuring
results are presented using simulated linkages and sin-
gle-body hydraulic cylinders.

2 Structure of CBMSS and the principle of
stress measurement

According to ferromagnetic theory [5], ferromag-
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netic materials have magnetoelastic or magnetoim-
pedance behavior induced by the variation of the
magnetic intensity of the materials, due to the
mechanical stress when external forces act upon them.
The inverse to the magnetoelastic effect is the mag-
netostrictive effect. The mechanical stress or distor-
tion of ferromagnetic materials changes the intensity
of the magnetic field in ferromagnetic materials.

Different types of magnetoelastic stress sensors
(MSS) can be designed to measure the mechanical
stress in ferromagnetic materials based on the above
principles [6]. The CBMSS was developed according
to the hydraulic support structures which fit to meas-
ure the stresses at different parts of the supports. The
basic structure of the CBMSS is shown in figure 1. It
consists of two U-shaped excitation and detection
cores sintered from ferrite powders crossing orthogo-
nally in space. A pair of excitation and detection coils
are wound around the bases of the two cores. When
measuring loads, the cores are placed perpendicular to
a specimen at specified intervals, so a magnetic bridge
circuit is formed from four magnetic resistances (R;,
R,, R, and R,) of the material between two adjacent
magnetic poles among the four poles (D, D,, D; and
D,) as shown in figure 2.
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Figure 2 CBMSS bridge circuit.

When a current with a specified frequency is ap-
plied to the excitation coils, an alternating flux is
formed in its core to excite the specimen. Before a
force acts on the specimen no internal stresses exist in
the material and the magnetism of the material surface
is isotropic; therefore, the magnetic conductivity (or
magnetic resistance) of each of the bridge arms is the
same. The magnetic bridge is balanced, with no in-
duced electromotive force in the detection coils, so no
voltage signals are output from the CBMSS. Internal
stresses appear in the specimen when a force is ap-
plied. For the force illustrated in figure 1, the tensile
stress is induced in the direction of x axis with the
pressure stress along y axis. As a result, the opposite
changes occur in the magnetic conductivity in the two
directions, that is, the magnetic conductivity in x di-
rection increases and that in y direction decreases.
Therefore, the balance of the magnetic bridge will be
upset, and the electromotive force will be induced
from the detection coils. Consequently, voltage signals
are the output from the CBMSS.

The CBMSS output voltage Vo can be represented
by the following expression [7]:

Vo=V Hx -
J1-£%cos?(6—45°)
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where V., =@N Nyl .K ty/2m, V. w: the excitation
angular frequency, @ =2nf ; N,: the number of exci-
tation coil windings; Ny: the number of detecting coil
windings; I.: the excitation current, A; K,,: the ampli-
fication factor; u,: the magnetic conductivity of cores;
m=1/A; I the magnetizing path length, m; A: the
cross sectional area, m*, &=v1-a?, a=u,/u,;u;:
the magnetic conductivity in x direction, py: the mag-
netic conductivity in y direction; &: the angle of the
magnetization-easy axis of the specimen and the pair
of excitation cores.

The tensile stress in x direction extends the speci-
men in x direction and contracts it in y direction. If 8
is not zero, a voltage signal is generated in the detecti-
on coils. As long as the magnetic conductivity of the
specimen changes linearly with stress, the output volt-
age from the sensor also shows a linear relztionship to
stress.

3 Load-measuring approach of powered
supports

Figure 3 shows a schematic diagram of a chock-
shield type powered support and its load distribution.
The support is composed of a top beam, shield beam,
hydraulic posts, linkages, balance lifting jacks and
base. The external load directly acts on the top beam
and the shield beam, and it is transferred through the
hydraulic posts and linkages to the base. According to
static theory, as long as the force on the hydraulic
posts and linkages can be measured, the total external
load imposed upon the powered support can be calcu-
lated as a function of the geometric and operating
parameters of the powered support [8].
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Figure 3 Schematic diagram of a powered support and its
load distribution.

Because of the liquid pressure, the tensile stress is



H. Zhu et al., Experimental study of a technique for load measurement of powered supports 491

formed in the circumferential direction of the cylinder
of the hydraulic post, and the stress in the axial direc-
tion of the cylinder is almost zero. The linkage is
commonly a planar or columnar structure. The linkage
can be analyzed as a one-dimensionally forced pole,
which only bears tensile or compressive stresses. The
mechanical stress on the hydraulic cylinder and link-
ages shows the magnitude of the load acting upon the
powered support.

According to equation (1), if 8 is equal to 45°, then
2 2
Vo=V 252 @)
Hy
Equation (2) shows that the output voltage is at
maximum for a given load when the angle between
the pair of excitation cores and the magnetic easy axis
of the specimen is 45°. Therefore, the best effect of
load measurement is obtained at this measuring angle.
Hence, for the CBMSS with the stress characteristics
of the hydraulic posts and linkages, as long as any two
adjacent core feet of the CBMSS are parallel or per-
pendicular to the post or linkage axe, the best meas-
uring condition can be satisfied. Diagrams of these
load-measuring positions are shown in figures 4 and
5.

Figure 4 Diagram of load measurement points.
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Figure 5 Diagram of load measurement points on a link-
age with CBMSS.

4 Experimental

4.1 Procedure

Three load measuring tests were carried out with
the CBMSS.

Test one: tensile stress measurement. The testing
specimen was carbon steel with a hardness of HRC23
and its dimensions are shown in figure 6. The load
tests were conducted on a fatigue tester with the mag-

nitudes of the applied loads from 0 to 182 MPa.
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Figure 6 Tensile stress measurement specimen dimensions
(unit: mm).

Test two: compressive stress measurement. The
testing specimen was also carbon steel with a hardness
of HRC22 and a dimension of 87 mmx45 mmx22 mm.
The load tests were also conducted on the fatigue
tester with the magnitudes of the applied loads from 0
to 150 MPa.

Test three: liquid pressure measurement. The
testing specimen was a single-body hydraulic cylinder
with standard size: DZ12-25/80. The cylinder was
made of a seamless steel tube with an inner diameter
of 80 mm and a thickness of 12 mm. The load tests
were conducted on a vertical hydraulic tester with the
magnitudes of the applied liquid pressure from O to 45
MPa. The block diagram of the load measurement
system is shown in figure 7.
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Figure 7 Block diagram of the measurement system for
the hydraulic cylinder with CBMSS.

4.2 Test results

Different loads were applied to the specimens
within their elastic ranges, and the output voltages
were measured with a calibrated CBMSS. The current
with definite frequency was applied to the excitation
coils to produce the loads and output voltages, as
shown in tables 1-3 and figures 8-10.

4.3 Analysis of the test results
The experimental results show that:

(a) The sensor output voltages varied tremendously
with the applied loads.

(b) Because the material has different permeabiliti-
es for tensile and compressive stresses, the slopes of
the voltage-stress curve of the tensile test were differ-
ent from that of the compressive test.
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Table 1 Tensile stress measurement results

Order Load /MPa  Voltage/mV  Emor/mV__ Unloading /mV Error / mV

1 0 0 0 47.6 -0.3-0.2
2 13 10.1 -0.1-0.1 50.0 —0.2-0.1
3 26 15.8 -0.1-0.0 59.4 -0.2-0.2
4 39 19.0 -0.1-0.2 66.8 -0.3-0.2
5 52 233 -0.1-0.2 78.0 —0.1-0.2
6 65 30.5 -0.2-0.1 87.9 -0.2-0.3
7 78 38.6 -0.1-02 96.3 —0.3-0.2
8 91 46.8 -0.2-0.2 112.0 —0.1-0.3
9 104 61.3 —0.1-0.2 124.5 —0.3-0.2
10 117 77.0 —0.1-0.1 132.0 -0.2-0.3
11 130 94.1 -0.2-0.2 1440 -0.1-0.3
12 143 106.7 -0.2-0.3 153.6 -0.1-0.4
13 156 126.0 -0.1-0.2 157.0 -0.2-0.3
14 169 144.5 -0.3-0.2 163.8 -0.2-0.2
15 182 168.4 —0.4-0.2 168.4 —0.4-0.2

Table 2 Compressive stress measurement results

Order Load/MPa  Voltage/mV  Error/mV  Unloading /mV Error / mV

1 0 0 0 -19.9 -0.3-0.2
2 -10 =32 -0.1-00 -22.0 -0.1-0.2
3 =20 -6.6 —0.1-0.0 —28.8 -0.2-0.2
4 =30 -8.0 -0.0-0.1 -31.9 —0.1-0.3
5 —40 -12.7 —0.1-0.1 -335 —0.1-0.2
6 =50 -14.8 -0.1-0.2 =354 —0.1-0.3
7 -60 -17.0 —0.2-0.1 -40.0 —0.2-0.2
8 ~70 -19.1 —0.1-0.2 —41.7 -0.2-0.2
9 -80 =225 -0.1-0.3 —43.2 -0.1-0.4
10 =90 —28.6 -0.2-0.2 —44.9 —0.1-0.3
11 -100 -32.0 —0.1-0.2 —48.0 —0.3-0.1
12 -110 -36.9 —0.2-0.2 —49.8 —0.4-0.2
13 -120 —41.5 -0.3-0.1 =513 -0.2-0.2
14 -130 —46.5 -0.2-0.3 -52.8 -0.2-0.3
15 -140 —49.8 -0.3-0.2 -52.9 -0.2-0.2
16 -150 -53.0 —0.4-0.2 -53.0 —0.4-0.2

Table 3 Hydraulic cylinder load test results
Order Load/MPa  Voltage/mV  Error/mV  Unloading / mV Error / mV

1 0 0 0 14.0 -0.1-0.3
2 5 2.5 —0.1-0.1 18.0 -0.3-0.2
3 10 7.0 -0.1-0.2 23.0 ~0.3-0.2
4 15 9.5 -0.1-0.1 28.5 -0.1-0.3
5 20 14.0 -0.1-0.2 320 -0.1-0.2
6 25 18.0 ~0.2-0.2 355 -0.2-0.2
7 30 255 -0.1-0.1 40.0 -0.1-0.2
8 35 335 -0.2-0.1 425 ~0.1-0.1
9 40 40.0 -0.2-0.2 45.0 -0.1-0.2
10 45 46.0 —0.3-0.2 46.0 -0.3-0.2

(c) Positive voltages corresponded to tensile compressive stresses, which can identify whether a
stresses, while negative voltages corresponded to mechanical component is in tension or compression.
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Figure 8 Output voltage-stress curves for tensile stress tests.

were used to design a cross bridge-type magnetoelas-
tic stress sensor to measure the stresses in different
parts of the powered support. The application of the
sensor to single-body hydraulic cylinders and simulat-
ed linkages show that there is an approximately linear
relationship between the sensor output signal and the
load born by the hydraulic cylinders or linkages.
Therefore, the sensor can be used to measure the loads
on hydraulic posts and linkages of powered supports.
The total external load imposed upon the powered
support can then be calculated as a function of its
geometry and operating parameters, including the
magnitude, direction and location of the load. There-
fore, the sensor can be used to develop a portable in-
telligent load-measuring instrument, with signal proc-
essing techniques and load calculation software, to
measure and display the loads of powered supports in-
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Figure 9 Output voltage-stress curves for compressive
stress tests.
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Figure 10 Output voltage-stress curves for cylinder stress
tests.

(d) Hysteresis was observed when the specimens
were loaded and unloaded. However, because the
stresses in the powered support structures change
slowly and need not be measured continually at a
measuring point for many times, the hysteresis and its
influence on the measurements are not serious.

5 Conclusions

The load-carrying features of a powered support

situ.
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