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Abstract. In order to solving the key technique of the angular displacement of muzzle vibration 
for the small caliber gun, a measuring method of double eddy current displacement sensors for the 
angular displacement of muzzle vibration is proposed. Two sensors are installed at the measuring 
points which are distributed near the muzzle. Then, by the triangle transformation method, the 
vertical and horizontal linear displacement of the muzzle vibration can be transformed to the 
vertical and horizontal angular displacement. It has been verified by the firing test that the method 
is non-contact and has the capability of anti-muzzle-flash and anti-shock, and that the test accuracy 
can meet the requirement of the gun firing environment. By this method, the law of the angular 
displacement of muzzle vibration under three running firing is obtained during the process that 
after projectile exit, about three circles of attenuation vibration for the muzzle happen, and then 
the next projectile begins to leave the muzzle. It shows that the average value of the angular 
displacement of muzzle vibration is 1.93 minute in azimuth and 1.42 minute in elevation. 
Keywords: muzzle vibration, angular displacement, measuring principle, experiment research. 

1. Introduction 

The gunpowder gas of high temperature and pressure are generated when the gunpowder burns 
quickly. It not only makes the recoil part move but also makes every parts of the gun produce 
strong vibration. The translational and angular vibration responses of the muzzle are generated. 
The engineering practice shows that the muzzle angular displacement is one of the important 
factors influencing the firing dispersion of small caliber gun. However, the research progress of 
gun vibration angular displacement test technology is slow because the vibration of the muzzle is 
very complex. So far, a practical and reliable measurement method of the angular displacement of 
the muzzle has not been proposed.  

Researchers have been studying the parameters of the angular displacement of the muzzle for 
many years. A parametric and dynamical finite element model based on projectile-barrel coupling 
of a lightweight large caliber towed gun was established by the literature [1, 2]. And the sensitivity 
and optimization of the structural parameters affecting the initial disturbance of the projectile were 
studied. In the literature [3], a barrel dynamics model considering the cradle restraint and the 
rigid-flexible coupling of the projectile is established. In the literature [4], according to the method 
of multi-body transfer matrix, the firing process of the self-propelled gun was established. And 
the muzzle angle displacement curve was obtained by MATLAB software. In the literature [5], 
the nonlinear lateral angular displacement and angular velocity response of an amphibious combat 
weapon under different regular wave frequency were given by using the amphibious combat 
weapon water performance analysis software. In the literature [6], the test principle and realization 
method of the angular displacement and other static parameters of the gun control system were 
introduced by the point light source and CCD test program. The measurement technique of gun 
dynamic parameters was studied by the literature [7]. In the literature [8], a method based on 
high-speed photography was proposed to test the vibration parameters of the two measuring points 
of the self-propelled gun. Documents [9, 10] completed the experimental study of the anti-aircraft 
gun displacement test. In the above documents, the measurement techniques of the angular 
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displacement of the muzzle vibration have not been studied in the shooting environment. 
In this paper, a measuring method of the double eddy current displacement sensors for the 

angular displacement of muzzle vibration is proposed. And the key technique of the angular 
displacement of the muzzle vibration is solved successfully 

2. Measuring principle 

The eddy current sensor is used to test the vibration angular displacement of muzzle. Its design 
principle is that the conductor generates the induced current in the alternating magnetic field. The 
principle of eddy current displacement sensor is shown in Fig. l  

The eddy current sensor has a coil. When the high frequency AC current ܫଵ is supplied from 
the high frequency oscillator, an alternating magnetic field ܪଵ is formed in the coil. And when the 
coil is close to the metal object, it will produce a coaxial eddy current ܫଶ on the conductor plate 
which is fixed with the measured object. The eddy current also forms an alternating magnetic field ܪଶ. It is opposite to the direction of the magnetic field ܪଵ and is always resistant to it. The two 
magnetic fields are added to decrease the original inductance and to change the magnitude and 
phase of the current in the coil. Its degree of change is related to the distance from the object. The 
equivalent inductance of the sensor will change when the sensor is close to the measured conductor. 
Its formula is as follows: 

ܮ = ଵܮ − ߱ଶܯଶܴଶଶ + ଶ(ଶܮ߱) ଶ, (1)ܮ

where ܮଵ is the inductance of the sensor without considering the eddy current effect, ܮଶ is the 
equivalent inductance of the equivalent circuit of eddy current, ߱ is the frequency of the high 
frequency AC current, ܴଶ is the equivalent resistance of the equivalent circuit of eddy current, ܯ 
is the coefficient of mutual induction between the coil and the conductor. 

When the measured object material and the frequency is constant, the high-frequency circuit 
impedance ܼ is only related to the distance ݀ between the sensor and the object, ܼ = ݂(݀). So, it 
can be converted into a voltage change by an appropriate test circuit. Finally, the displacement is 
converted into the electrical signal. The result of the direct test of the eddy current displacement 
sensor is the linear displacement. It can be transformed to the angular displacement by the triangle 
transformation method. 

Fig. 2 shows the sketch of measuring method of the muzzle vibration angular displacement 
with the double eddy current displacement sensors. In the ݖݕݔ݋ coordinate system, the ݔ-axis is 
along the barrel axis pointing to the muzzle, the ݕ-axis is vertical up, and the ݖ-axis conforms to 
the right hand rule. The left half of Fig. 2 is the main view and the right half is the left view.  

 
Fig. 1. Principle sketch of displacement  

sensor with eddy current 
 

Fig. 2. Sketch of measuring method of muzzle 
vibration angular displacement with double eddy 

current displacement sensors 
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As shown in Fig. 2, the plates 1 and 2 represent the azimuth and elevation reflectors, 
respectively, the probes 1 and 2 represent the azimuth and elevation probes, respectively. First of 
all, a test system is established, which consists of a front-end sensor, a rear-end sensor, a data 
collector and a notebook computer. The front-end sensor and the rear-end sensor are composed of 
the azimuth and elevation probes and reflectors and signal controllers. An elevation probe and 
reflector test the same point of the elevation line displacement is called elevation sensor. An 
azimuth probe and reflector test the same point of the azimuth line displacement is called azimuth 
sensor. The azimuth and elevation probe and signal controller are connected through the signal 
line. The signal controller and data collector are connected through the signal line. And the final 
test result is displayed on the notebook computer screen. 

On the outer surface of the muzzle, the two measuring points ݋ଵ and ݋ଶ with distance ݔ are 
selected along the direction of the barrel axis. And o1 represents the front measuring point near 
the muzzle. According to Fig. 2, the sensors are arranged at the front and rear measuring points. 
The linear displacements of the front measuring point in elevation and azimuth are ݕଵ(ݐ) and  ݖଵ(ݐ). The linear displacements of the rear measuring point in elevation and azimuth are ݕଶ(ݐ) 
and ݖଶ(ݐ). The expression of the angular displacements of the muzzle vibration in elevation and 
azimuth are: 

(ݐ)ߙ = arctg ቈݕଵ(ݐ) − ݔ(ݐ)ଶݕ ቉, (2)(ݐ)ߚ = arctg ቈݖଵ(ݐ) − ݔ(ݐ)ଶݖ ቉. (3)

The Eqs. (2) and (3) are used to calculate the angular displacement of the muzzle vibration by 
the test method of the double eddy current displacement sensors. In order to satisfy the calculation 
accuracy, the distance ݔ is generally less than 240 mm. 

The displacement range of non-contact eddy current displacement sensor is 10 mm-50 mm, 
the frequency response is 50 KHz, and the displacement precision is 0.01 mm. In order to reduce 
the test error, the design of the reflector should follow three principles. Firstly, the plane of the 
reflector is arranged parallel to the axis of the barrel and is as close as possible to the outer contour 
of the barrel. Secondly, the ribs are arranged at the center and edge of the reflector to ensure that 
the mass is less than 1 kg. Finally, the normal deformation of the reflector under a normal inertial 
acceleration of 500 g is less than 0.2 mm as the design requirement of the stiffness.  

3. Engineering application 

The test technology of the angular displacement of muzzle vibration of a small caliber gun is 
studied by using the measuring method of the double eddy current displacement sensor. At the 
horizontal angle of departure, the gun is fired three times under three running firing. The contents 
of the measuring include the linear displacements ݕଵ(ݐ), ݕଶ(ݐ), ݖଵ(ݐ), ݖଶ(ݐ) of the front and rear 
measuring points of the muzzle in elevation and azimuth. And the displacement-time curve ݔ଴(ݐ) 
of the recoil and counter-recoil are measured. The above 5 kinds of displacement signals are 
measured simultaneously. According to Eqs. (2-3), the angular displacement-time curves (ݐ)ߚ ,(ݐ)ߙ of the muzzle vibration in elevation and azimuth are obtained. In the same time coordinate 
system, the test curve (ݐ)ߚ ,(ݐ)ߙ and ݔ଴(ݐ) are compared to obtain the amplitude of the angular 
displacement of the muzzle vibration in elevation and azimuth at moment of projectile 
muzzle-leaving. Fig. 3 and Fig.4 are typical test curves ݕଵ(ݐ), ݕଶ(ݐ), ݖଵ(ݐ), ݖଶ(ݐ) and ݔ଴(ݐ). 
Fig. 5 is the typical test curves (ݐ)ߙ and (ݐ)ߚ after conversion. Table 1 is the amplitude of the 
angular displacement of the muzzle vibration in elevation and azimuth at moment of projectile 
muzzle-leaving. 

By the analysis of the test results, the law of the angular displacement of muzzle vibration 
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under three running firing is obtained during the process that after projectile exit, about three 
circles of attenuation vibration for the muzzle happen, and then the next projectile begin to leave 
the muzzle. It shows that the average value of the angular displacement of muzzle vibration is 
1.93 minute in azimuth and 1.42 minute in elevation. 

 
a) Muzzle time 

 
b) Linear displacement in elevation 

 
c) Linear displacement in azimuth 

Fig. 3. Typical test curve of vibration linear displacement of front measuring point at muzzle 

 
a) Muzzle time 

 
b) Linear displacement in elevation 

 
c) Linear displacement in azimuth 

Fig. 4. Typical test curve of vibration linear displacement of rear measuring point at muzzle 

 
a) Muzzle time b) Linear displacement in elevation 

 
c) Linear displacement in azimuth 

Fig. 5. Typical measuring curve of vibration angular displacement at muzzle 
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Table 1. Measuring results of the muzzle vibration angular displacement both elevation and azimuth 

Group number Sequence Angular displacement/ minute 
Azimuth Elevation 

1 

1 0.0 0.0 
2 –0.29 5.30 
3 1.72 6.45 

Average 0.48 3.92 

2 

1 0.0 0.0 
2 5.59 –10.31 
3 11.89 7.88 

Average 5.83 –0.81 

3 

1 0.0 0.0 
2 –3.29 –0.86 
3 1.72 4.30 

Average –0.53 1.15 

4. Uncertainty analysis of measurement 

The error of the angular displacement of the muzzle vibration is mainly from three factors. 
(a) Eddy current displacement sensor. (b) Normal deformation of the reflector. (c) Test error of 
distance x from adjacent measuring points. 

The error of factor (a) is 0.01 mm. The error of factor (b) is 0.2 mm. The error of factor (c) is 
0.1 mm. The above errors are uniformly distributed. The linear displacement of the muzzle is 
generally less than 30 mm. 

1) The relative standard uncertainty caused by factor (a) is: ݑ௥ଵ = 0.012 × 30 × √3 = 0.01 %. (4)

2) The relative standard uncertainty caused by factor (b) is: ݑ௥ଶ = 0.22 × 30 × √3 = 0.19 %. (5)

3) The relative standard uncertainty caused by factor (c) is: ݑ௥ଷ = 0.12 × 30 × √3 = 0.10 %. (6)

The relative standard measurement uncertainty of the angular displacement of the muzzle 
vibration is: 

௥ݑ = ටݑ௥ଵଶ + ௥ଶଶݑ + ௥ଷଶݑ = 0.21 %. (7)

When the maximum angular displacement of the muzzle vibration is 11.89', its integrated 
standard measurement uncertainty is: ܷ஼(ߜ) = 11.89ᇱ × 0.21% = 0.025ᇱ. (8)

When the confidence level is 99.7 %, ݇ = 3, the expanded uncertainty of the angular 
displacement of the muzzle vibration is: 
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ܷ௿(ߜ) = 3 × 0.025ᇱ = 0.075ᇱ. (9)

In summary, the expanded uncertainty of the angular displacement of the muzzle vibration is 
0.075'. It meets the requirement of the test error of angular displacement of the muzzle vibration.  

5. Conclusions 

1) The measurement method of the double eddy current displacement sensor is an effective 
method to measure the angular displacement of the muzzle vibration of the small caliber gun. The 
technical support is provided to reveal the influence of the muzzle vibration response on the firing 
dispersion of the gun. 

2) The test system of the angular displacement of the muzzle vibration is established, and the 
formulas for calculating the angular displacement by the linear displacement of the muzzle 
vibration are derived. The sensor is verified by the firing test that the method is non-contact and 
has the capability of anti-muzzle-flash and anti-shock, and that the test accuracy can meet the 
requirement of the firing environment. 

3) The law of the angular displacement of muzzle vibration under three running firing is 
obtained during the process that after projectile exit, about three circles of attenuation vibration 
for the muzzle happen, and then the next projectile begin to leave the muzzle. It shows that the 
average value of the angular displacement of muzzle vibration is 1.93 minute in azimuth and 
1.42 minute in elevation. 
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