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Abstract

:

As a key component of the measurement while drilling technology, the accuracy of attitude calculation is directly related to the efficiency of resource exploration. To reduce the influence of vibration, rotation, and other disturbances on the attitude sensor during drilling, a method based on cross-correlation extraction and the adaptive square-root unscented Kalman filter (ASRUKF) is proposed to solve the attitude of the drilling tool in this paper. Firstly, the error of the signal collected by the attitude sensor is compensated, and the unscented Kalman filter (UKF) is used for filtering. Then, the effective gravitational acceleration signal is extracted by the cross-correlation method. Finally, an experimental platform for simulating the fully rotating attitude measurement system is established, and the application effects of the UKF and ASRUKF in the attitude calculation are compared. Compared with the UKF, the root mean square error of the inclination angle calculated by the ASRUKF is reduced by 12.9%, and the variance is reduced by 27.3%; the root mean square error of the azimuth angle is reduced by 29.5%, and the variance is reduced by 39.9%. The experimental results show that the attitude calculation method proposed in this paper can stably and effectively improve the accuracy of the attitude calculation of drilling tools.
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1. Introduction


As an indispensable energy source, oil is not only closely related to production and life but is also a very important strategic material for the country. Drilling is a key component of oil and gas production. In order to improve the efficiency of oil production, it is necessary to master and control the trajectory of the drilling tool accurately in real time, and the premise of realizing the accurate control of the drilling tool trajectory is to obtain accurate attitude information about the drilling tool. Therefore, it is of great significance to study the calculation method of the drilling tool attitude [1].



In order to improve the accuracy of attitude calculation, it is necessary to obtain more accurate data. Ellipse fitting based on the least squares method is often used to correct the magnetometer data to improve the measurement accuracy [2,3]. Zhang et al. [4] effectively extracted the gravity acceleration signal using a correlation-based detection method, but how to accurately extract the z-axis gravity acceleration needs to be further studied. Liu et al. [5] designed a correction model to correct the accelerometer output values of a UAV navigation system by solving for the estimated non-gravitational acceleration and the external non-gravitational acceleration, but there is a lack of application cases in drilling tools. Noordin et al. [6] proposed a method of fusing high-frequency gyroscope signals and low-frequency accelerometer signals using complementary filtering algorithms to obtain a more accurate attitude angle. Han et al. [7] introduced the EKF method to filter the outputs of accelerometers and magnetometers and compared the effects of complementary filters; the results show that the EKF method is more effective in improving the accuracy of the attitude calculation, but it requires a large amount of calculation. Rong et al. [8] proposed a new gain-regulated EKF method based on the Eulerian method and tested the computational accuracy of the method in the presence of linear acceleration perturbations and magnetic disturbances, and the GREKF method proposed in this study is superior in terms of attitude computation compared with the traditional EKF method. Pang et al. [9] used the UKF method to correct the error of a magnetometer and reduced it by one order of magnitude. Xu et al. [10] realized the filtering of colored noise by updating the acceleration noise model of the observation equation based on the improved unscented Kalman filtering algorithm under the established colored noise model of the acceleration vibration of a drilling tool, but the study only considered the axial vibration of the drilling tool and did not consider the filtering problem when the vibration interference is complicated. Sui et al. [11] proposed an improved UKF method and verified that the method could effectively suppress the effect of colored noise on satellite attitude estimation. Han and Guo et al. [12,13] fused data from gyroscopes, accelerometers, and magnetometers to improve the accuracy of attitude calculation. Shen et al. [14] utilized a UKF fusion gyroscope and accelerometer to realize the resolution of the roll angle and pitch angle and then fused the magnetometer real-time calibration data and the gyroscope to correct the heading angle, which improved the accuracy of the UAV attitude and heading. Chen et al. [15] proposed a wavelet neural network EKF algorithm to provide a new idea for attitude calculation. Although the method of combining wavelet neural network with Kalman improves the accuracy and stability of attitude calculation, the training time of its neural network increased with the increase in the amount of test data. Gao et al. [16] proposed a stochastic weighted adaptive method to improve the attitude calculation accuracy of a rotary steering system and compared it with the EKF method, which proved the superiority of the proposed method in calculating the attitude of drilling tools. Although the above research has achieved certain results in drilling tool attitude calculation, improvements can still be made to further enhance the calculation accuracy.



Currently, most drilling attitude measurement systems mount sensors in the center of the non-magnetic drill collar, but this installation reduces the utilization of the internal space of the drilling tool. A fully rotating attitude measurement system with an accelerometer, gyroscope, and magnetometer mounted on the inner wall of the drill collar can enhance the flow path of the drilling fluid and optimize the space in the non-magnetic drill collar. However, there are few studies on fully rotating attitude measurement systems at present.



For these reasons, this paper presents a method of calculating drilling tool attitude based on cross-correlation extraction and the ASRUKF algorithm, and it is tested on a fully rotating attitude measurement system. Firstly, the attitude signals collected by the gyroscope, magnetometer, and accelerometer are compensated for error and filtered out for noise. Then, the effective gravitational acceleration signal is extracted by a cross-correlation method. Finally, the experimental platform of the fully rotating attitude measurement system is set up to obtain the attitude data of the drilling tool and to test the method proposed in this paper.




2. Basic Theory


2.1. Coordinate System


Attitude parameters from accelerometers, gyroscopes, and magnetometers are measured in real time while drilling to calculate the attitude angle. The attitude angle is shown in Figure 1, where the inclination angle (θ) indicates the inclination of the drilling tool relative to the horizontal plane; the azimuth angle (φ) indicates the offset direction of the drilling tool movement; and the tool face angle ( γ ) indicates the offset direction of the motion of the drilling tool.



As shown in the Figure 1, NEU is a geographic coordinate system for solving the attitude change behavior of a moving carrier, also called the N system, and XYZ is a carrier coordinate system, which generally refers to the follower coordinate system built on top of the carrier, also called the B system.




2.2. Principles of Attitude Calculation


Currently, the main methods for attitude calculation are the Euler angle, the direction cosine, and the quaternion method. The quaternion method can realize attitude information acquisition when the carrier moves in all directions in space, and the computation is relatively small, which is suitable for a system with high real-time requirements. Since the quaternion method is not affected by the universal lock problem and the calculation process is relatively simple, this paper chose to use the quaternion method for the attitude calculation. It is defined as follows:


  Q (  q 0  ,  q 1  ,  q 2  ,  q 3  ) =  q 0  +  q 1  i +  q 2  j +  q 3  k = cos (  α 2  ) + u sin (  α 2  )  



(1)




where    q 0   ,    q 1   ,    q 2   ,    q 3    are real numbers,  α  is the equivalent rotation angle of the rigid body, u is the rotation axis, and  i , j , k  are mutually orthogonal unit vectors.



When the quaternion method is used to describe the rotation of the B system with respect to the N system, it can be expressed according to the quaternion multiplication law as follows:


   C n b  =        q 0 2  +  q 1 2  −  q 2 2  −  q 3 2      2 (  q 1   q 2  +  q 0   q 3  )     2 (  q 1   q 3  −  q 0   q 2  )       2 (  q 1   q 2  −  q 0   q 3  )      q 0 2  −  q 1 2  +  q 2 2  −  q 3 2      2 (  q 2   q 3  +  q 0   q 1  )       2 (  q 1   q 3  +  q 0   q 2  )     2 (  q 2   q 3  −  q 0   q 1  )      q 0 2  −  q 1 2  −  q 2 2  +  q 3 2         



(2)







And, the quaternion differential equations are as follows:


   Q ⋅  =  1 2  Q ⊗  ω  n b  b  =  1 2  M (  ω  n b  b  ) Q  



(3)







Among them is the following:


  M (  ω  n b  b  ) =      0    −  ω x      −  ω x      −  ω x         ω x     0     ω z      −  ω y         ω y      −  ω z     0     ω x         ω z       ω y      −  ω x     0       



(4)




where    ω x   ,    ω y   ,    ω z    is the measured values of the three-axis angular velocities of the gyroscope.



Therefore, the quaternionic differential equation can be written as follows:


   Q ⋅  =          q 0   .           q 1   .           q 2   .           q 3   .        =  1 2       0    −  ω x      −  ω x      −  ω x         ω x     0     ω z      −  ω y         ω y      −  ω z     0     ω x         ω z       ω y      −  ω x     0             q 0         q 1         q 2         q 3         



(5)







In the attitude calculation process, the differential equations are first solved, and then the gyroscope measurements are used to update the quaternions, thus updating the attitude matrix, and finally, the real-time attitude is solved based on the attitude matrix.



When the fully rotating attitude measurement system rotates at a constant speed, the transformation of the gravitational acceleration from the N system to the B system satisfies the coordinate change relationship shown in Equation (6).


   a g  =        a x         a y         a z        =  C n b       0     0      − g       =       g cos θ sin γ       − g sin θ       − g cos θ cos γ        



(6)




where    a g  =          a x       a y       a z         T    is the triaxial component of the gravitational acceleration of the B system.



The inclination angle and tool face angle can be obtained by solving the above equations:


      θ = arctan   −  a y         a x 2  +  a z 2      1 / 2         γ = arctan    a x    −  a z         



(7)







The quaternion of the attitude matrix is updated by using the angular velocity data of the drilling tool measured by the gyroscope:


         q 0  =  q 0  + ( −  q 1   ω x  −  q 2   ω y  −  q 3   ω z  ) 0.5 T        q 1  =  q 1  + (  q 0   ω x  +  q 2   ω z  −  q 3   ω y  ) 0.5 T        q 2  =  q 2  + (  q 0   ω y  −  q 1   ω z  +  q 3   ω x  ) 0.5 T        q 3  =  q 3  + (  q 0   ω z  +  q 1   ω y  −  q 2   ω x  ) 0.5 T        



(8)







Solving the three attitude angles gives the following:


        φ = arctan ( −   2 (  q 1   q 2  +  q 0   q 3  )    q 0 2  −  q 1 2  +  q 2 2  −  q 3 2    )       θ = arcsin ( 2 (  q 2   q 3  −  q 0   q 1  ) )       γ = arctan (   2 (  q 1   q 3  +  q 0   q 2  )    q 0 2  −  q 1 2  −  q 2 2  +  q 3 2    )        



(9)







The azimuth angle can be obtained from the horizontal component of the measured value of the magnetometer and can be expressed as:


  φ = arctan   g (  m z   a x  −  m x   a z  )    m y  (  a x 2  +  a z 2  ) −  a y  (  m x   a x  +  m z   a z  )    



(10)




where    m g  =          m x       m y       m z         T    is the triaxial magnetic induction intensity.





3. Extraction of Gravitational Acceleration


3.1. Error Compensation


During the drilling process, the attitude parameters of accelerometers, gyroscopes, and magnetometers need to be measured in real time to calculate the attitude angle, but because the high-speed rotation and strong vibration will cause the accelerometer output data to be interfered with by vibrational and rotational noise, the direct use of the acceleration data for the calculation of the attitude may lead to inaccurate results. Therefore, extracting accurate gravity acceleration information becomes a major difficulty.



Because the magnetometer is subject to two different types of magnetic interference, hard magnetic distortion and soft magnetic distortion, the magnetic field components measured by the magnetometer are inaccurate, as shown in Figure 2. The elliptic least squares fitting algorithm can be used to compensate for the magnetic disturbance caused by the magnetometer.



Due to installation errors, the three sensitive axes of the accelerometer can be easily disturbed by centrifugal acceleration. In order to solve this problem, in the actual working drilling process, according to the actual type of drilling tools and the working environment, the drilling tools will be rotated at a rate of A to run around the center of its gyratory, the force condition of the accelerometer and its force situation is shown in Figure 3.



The output signal    V x    of the accelerometer in the X-axis can be expressed as follows:


   V x  =  V  a x   +  V  r x   =  V g  sin θ sin φ +  V g   R g    d ω   d t    



(11)







The output signal    V y    of the accelerometer in the Y-axis can be expressed as follows:


   V y  =  V  a y   +  V  r y   =  V g  sin θ cos φ +  V g   R g   ω 2   



(12)




where    V  a x     and    V  a y     are the expected output signals of the inertial accelerometer in the X-axis and Y-axis, respectively,    V  r x     is the tangential acceleration signal, and    V  r y     is the centrifugal acceleration signal. Both    V  r x     and    V  r y     depend on the rotational speed of the drilling tool, so it is only necessary to obtain the rotational speed of the drilling tool, and the additional signal generated during the rotation can be eliminated by the rotational speed compensation formula. The three-axis accelerometer signals after the rotational speed compensation are shown in Equations (13) and (14).


    V ˜   x 1   =  V x  −  V  γ x   =  V x  −  V g   R g    d ω   d t    



(13)






    V ˜   y 1   =  V y  −  V  γ y   =  V x  −  V g   R g   ω 2   



(14)







The strong vibrations caused by drilling are usually divided into transverse vibration, longitudinal vibration, and torsional vibration. The main form of vibration in near-bit drilling tools is transverse vibration, which can seriously affect the data obtained from accelerometers, gyroscopes, and magnetometers. These noises can adversely affect the dynamic measurement accuracy of the attitude sensor. The UKF algorithm can eliminate the sensor noise and realize continuous recursive operation effectively.




3.2. Cross-Correlation Extraction


When using a triaxial accelerometer to measure the acceleration of a drilling tool, the output signals include gravity, vibration, centrifugal, and shock acceleration. The centrifugal acceleration signal varies with the rotational speed, while the gravitational acceleration signal presents periodicity in the radial and tangential direction, so the cross-correlation method is used to extract the gravitational acceleration. This method extracts periodic signals from randomly generated noise signals by measuring the correlation of two time-domain signals at different moments.



Taking the X-axis gravitational acceleration as an example, the output of the accelerometer along the X-axis direction after filtering through the UKF algorithm is as follows:


     g ¯   x  ( k ) =  A x  cos ( ω k  T s  + φ ) +  n x  ( k ) =  g x  ( k ) +  n x  ( k )  



(15)







The magnetometer X-axis output signal after UKF filtering is as follows:


     m ¯   x  ( k ) = cos ( ω k  T s  ) +  n m  ( k ) =  m x  ( k ) +  n m  ( k )  



(16)







After UKF filtering, the correlation between    g x    and    m x    and the residual noise is low. Combining Equations (15) and (16) for the cross-correlation operation, the X-axis correlation signal can be calculated as follows:


  R ( τ ) =  1 N    ∑  K = 0   N − 1       g ¯   x  ( k + τ )      m ¯   x  ( k ) =    A x  cos ( ω τ + φ )  2   



(17)







Then, the X-axis gravitational acceleration component extracted by cross-correlation is as follows:


   g x  ( t ) =  A x  cos ( ω τ + φ )  



(18)







Similarly, the Y-axis gravitational acceleration component is as follows:


   g y  ( t ) =  A y  sin ( ω τ + φ )  



(19)







Since the gravitational acceleration in the Z-axis direction coincides with the direction of the drill pipe, the rotation of the drilling tool does not affect the Z-axis output signal.





4. Attitude Calculation Method


4.1. System Modeling


The ASRUKF algorithm proposed in this paper uses an accelerometer and magnetometer to compensate for the gyroscope errors and adaptively adjusts the noise covariance matrix by external force acceleration and random magnetic field disturbance. In addition, the algorithm also filters the random noise input by the gyroscope, and the algorithm framework is shown in Figure 4.



Analyzing the sensor data, the system consisting of discrete-time state variables  X  and observed variables  Z  is described as follows:


      X ( k + 1 ) = f   X ( k )   + B u ( k ) + n ( k )     Z ( k ) = h ( X ( k ) ) + v ( k )      



(20)




where  f  is the nonlinear state function,  B  is the input mapping matrix,   u ( k )   is the input variable,   n ( k )   is the system process noise,  h  is the nonlinear observation function, and   v ( k )   is the systematic observation noise.



The ASRUKF state equation is obtained by updating the quaternions according to the Runge–Kutta method and combining the data fusion idea to extend the gyroscope random noise to the state variables as follows:


  X ( k + 1 ) = f ( X ( k ) , u ( k + 1 ) ) + n ( k )  



(21)







The system noise covariance matrix is expressed as follows:


   Q u  ( k ) = E   n ( k ) n   ( k )  T    =          Q  q p   ( k )      0  4 × 3          0  4 × 3        Q  r i   ( k ) +  Q  r p   ( k )         7 × 7    



(22)




where the matrix    Q  r i   ( k )   is the gyroscope input random error noise covariance, and the matrix    Q  r p   ( k )   is the gyroscope process noise covariance matrix.



According to the system equation of state, the observation model of the ASRUKF algorithm is expressed as follows:


  Z       k + 1       = h       x   k + 1 ∣ k         + v   k + 1    



(23)




where   h       x   k + 1 ∣ k           denotes the system nonlinear observation transfer function, and   v   k + 1     denotes the system observation equation measurement noise.



The accelerometer noise and magnetometer noise are not correlated with each other, and the observation noise covariance matrix is expressed as follows:


   R u  ( k + 1 ) = E   ν ( k + 1 ) v   ( k + 1 )  T    =          R  e a   ( k + 1 ) +  R a  ( k + 1 )      0  3 × 3          0  3 × 3        R  e m   ( k + 1 ) +  R m  ( k + 1 )         6 × 6    



(24)




where    R  ea   ( k + 1 )   is the third-order external acceleration noise covariance matrix,    R a  ( k + 1 )   is the third-order accelerometer observation noise covariance matrix (except for gravitational acceleration),    R  e m   ( k + 1 )   is the random magnetic disturbance covariance matrix, and    R m  ( k + 1 )   is the magnetometer noise covariance matrix.




4.2. Random Error Covariance Adaptive Design


Random errors arise due to random disturbances; therefore, a non-gravitational acceleration detection mechanism is established as follows:


   |    A f  ( k )    − g  | = δ ( k )   



(25)




where      A f  ( k )     denotes the norm of the accelerometer observations, and  δ  is the norm of external acceleration.



The existence of non-gravitational acceleration can be determined according to      A f  ( k )    . If   δ ( k ) = 0  , then there is no non-gravitational acceleration, and    R  e a   ( k ) = 0  . If   δ ( k ) ≠ 0  , then there is non-gravitational acceleration of the accelerometer, and the following is obtained:


   R  e a   ( k ) = ρ δ ( k )  I 3   



(26)




where  ρ  is the scale factor of the external acceleration.



Similarly, the magnetic interference detection mechanism is as follows:


         m f  ( k )   −    1 n    ∑   i = 1  n     m  c x  2  ( i ) +  m  c y  2  ( i ) +  m  c z  2  ( i )         = φ ( k )  



(27)




where      m f  ( k )     is the magnetometer norm at the current moment,    m  c x   ( i )  ,    m  c x   ( i )  ,    m  c z   ( i )   isthe magnetometer calibration values, and  φ  is the norm of random magnetic disturbances; then, the following is obtained:


   R  e m    k  = τ φ  k   I 3   



(28)




where  τ  is the scaling factor of the random magnetic disturbance. Thus, the observation noise covariance matrix is expressed as follows:


   R u  ( k + 1 ) =         ρ δ ( k + 1 )  I 3  +  R a  ( k + 1 )      0  3 × 3          0  3 × 3       τ φ ( k + 1 )  I 3  +  R m  ( k + 1 )          6 × 6     



(29)








4.3. Attitude Calculation Process


The design flow of the ASRUKF attitude calculation is as follows:



Firstly, the Sigma dot matrix is generated using the unscented transform (UT) as follows:


     ξ  ( i )   ( k ) =        X ( k )     X ( k ) +   ( n + λ ) P ( k )       X ( k ) −     n + λ   P ( k )          7 × 15       i    



(30)




where  n  = 7 is the number of state dimensions,  i  = 2 n  + 1 is the number of Sigma points, and  λ  is the scaling factor.



Secondly, the square-root decomposition of the covariance matrix is obtained as follows:


         P −      k + 1 ∣ k     7 × 7   = q r        w c  ( i )       X     k + 1 ∣ k     2 : 2 n + 1   −  X ^  ( k + 1 ∣ k   ⋅    Q u   k              P     k + 1 ∣ k     7 × 7   = c h o l u p d a t e    P −  ( k + 1 ∣ k ) ⋅    X  ( 1 )   ( k + 1 ∣ k ) −  X ^  ( k + 1 ∣ k )      w c  ( 1 )              



(31)




where    X ∧  (   k + 1   k )   is the a priori estimate of the state quantity,    w c    denotes the weight of the covariance, and    P −  ( k + 1 ∣ k )   is the upper triangular matrix.



Thirdly, UT is performed again using the a priori estimate, and new Sigma points are obtained as follows:


   ξ ^  ( k + 1 ∣ k ) =     X ^  ( k + 1 ∣ k )                X ^  ( k + 1 ∣ k ) +   ( n + λ ) P ( k + 1 ∣ k )                  X ^  ( x + 1 ∣ k ) −   ( n + λ ) P ( k + 1 ∣ k )       



(32)







Then, obtaining the covariance matrix decomposition of the observations is conducted as follows:


       P  z z  −     k + 1    6 × 6   = q r       w c  ( i )          ξ ^   ( i )     ( k + 1 ∣ k )   2 : 2 n + 1   −  Z ^  ( k + 1 ∣ k ) ⋅    R u  ( k + 1 )            P  z z     ( k + 1 )   6 × 6   = c h o l u p d a t e    P  zz  −  ( t + 1 ) ⋅     ξ ^   ( i )   ( k + 1 ∣ k ) −  Z ^    k + 1 ∣ k     ⋅    w c  ( 1 )            



(33)







Finally, the Kalman gain is derived from the covariance matrix as follows:


   K u      k + 1     7 × 6   =  P  x z     k + 1   /    P  z z     k + 1    P  z z   T     k + 1      



(34)







Updating the system posterior estimates with the covariance matrix leads to the following:


  X ( k + 1 ) =  X ^  ( k + 1 ∣ k ) +  K u  ( k + 1 ) [  Z  o b s e r   −  Z ^  ( k + 1 ∣ k ) ]  



(35)




where    Z  obser   =          a x       a y       a z       m x       m y       m z         T    is the observation of the accelerometer and magnetometer.



Using the Cholesky decomposition to update the system covariance matrix leads to the following:


       U  7 × 6   =  K u    k + 1    P  zz     k + 1       P    k + 1    7 × 6   = c h o l u p d a t e   P   k + 1 ∣ k   , U , − 1        



(36)




where  U  is the intermediate variable, and   P ( k + 1 )   is the system covariance matrix.



It can be seen that the ASRUKF algorithm adaptively adjusts the observation noise covariance matrix by using the residual of the observation norm of the accelerometer and magnetometer so as to estimate the system optimally.





5. Experiment and Analysis


5.1. Construction of Experimental Platform


In order to verify the effectiveness of the ASRUKF algorithm in improving the accuracy of attitude calculation, this paper collected experimental data by building a rotating vibration experimental platform, which were used for the subsequent attitude calculation. The attitude sensor was mounted as shown in Figure 5, rotating together with the rotation of a drilling tool to simulate mounting on the inner wall of the drill collar. As shown in Figure 5, the system consisted of an adjustable base, stepping motor, vibration motor, accelerometer, gyroscope, magnetometer, and other components.



The MPU9250 device is a 9-axis motion-tracking device that integrates a 3-axis gyroscope, a 3-axis accelerometer, a 3-axis magnetometer, and a motion processor (DMP) in its 3 × 3 × 1 mm package. Through the IIC, it can directly output all 9-axis data. It was therefore the basis for the attitude calculations in this paper, so it was very important to be able to correctly acquire data from the MPU9250. Considering the influence of centrifugal force, we vertically installed two MPU9250 processors, denoted as A and B, to collect acceleration and angular velocity data, effectively simulating an accelerometer and a gyroscope. The MPU9250 processor C was used to measure the magnetic field strength and simulate a magnetometer. In order to prevent the stepper motor from affecting the measurement of the magnetic field strength, MPU9250 processor C was placed 1 m away from the stepper motor. The adjustable base was made of aluminum alloy and could be rotated at different angles using hinges and telescopic rod assemblies. The stepper motor was connected to the shaft through a coupling to simulate the rotation of the drilling tool during downhole drilling measurement. The vibrating motor was used to simulate the strong vibration conditions experienced in the drilling process of a downhole drilling rig.



This system was designed to collect the information of accelerometers, gyroscopes, and magnetometers by FPGA with a sampling frequency of 1 MHz. The MCU was used to complete the filtering and correction of the signals as well as the attitude calculation. Considering the large amount of data collected by the FPGA and the low frequency of the attitude angle change in actual downhole working conditions, the data were sampled according to a ratio of 10,000:1, and the new sampling rate was 100 Hz.




5.2. Verification of Cross-Correlation Extraction


Through the analysis of the magnetic field interference, a non-interference magnetic field signal should be a circle with a fixed radius around the origin of the coordinate. For the ellipse fitting of the magnetometer, the correction effect was judged by determining whether the corrected graph was a square circle, whether the center position was at the origin of the coordinate, and whether the radius was changed. The influence of the ellipse correction on the X-axis and Y-axis data of the magnetometer is shown in Figure 6.



Extracting the gravitational acceleration signal using the cross-correlation method is the key to improving the accuracy of the attitude calculation. Figure 7 shows the output signal of the accelerometer, which contains various noises. The results of the gravitational acceleration signal after error compensation and cross-correlation extraction are shown in Figure 8, and its three-axis average signal-to-noise ratio is 34.2654. It can be seen that the extracted X-axis and Y-axis gravitational acceleration signals were periodic and basically noiseless, and the Z-axis gravitational acceleration signal was relatively smooth, which proves that the proposed error compensation and mutual correlation extraction method is effective.




5.3. Results and Analysis


In the experiments, the inclination angle was set to 45°, the azimuth angle was set to 1°, and the rotation speed was set to 1.5 rps. These values were chosen because in practice, the inclination angle usually varies from 0° to 180°, the azimuth angle varies from 0° to 360°, and the rotational speed of drilling tools is usually in the range of 1–6 rps.



The UKF algorithm is a commonly employed method to enhance the accuracy of attitude calculation. In order to evaluate the effectiveness of the ASRUKF algorithm proposed in this paper, the calculation results of the ASRUKF algorithm were compared with those of the UKF algorithm, as shown in Figure 9 and Figure 10. The inclination angle fluctuation range is approximately ±0.5° for the ASRUKF algorithm and ±0.6° for the UKF algorithm. The azimuth angle fluctuation range is approximately ±1.5° for the ASRUKF algorithm and ±2° for the UKF algorithm.



From the calculation results, it can be seen that the ASRUKF algorithm proposed in this paper was more effective. In order to evaluate the effectiveness of the ASRUKF algorithm proposed in this paper more accurately, we compared the calculation results of the ASRUKF and UKF algorithms in terms of the root mean square error (RMSE) and variance, as shown in Table 1.



Table 1 shows the root mean square error (RMSE) and variance of the attitude calculation for the ASRUKF and UKF algorithms. From Table 1, it can be seen that compared with the UKF algorithm, the RMSE of the inclination angle calculated by the ASRUKF algorithm was reduced by 12.9%, and the variance was reduced by 27.3%; the RMSE of the azimuth angle was reduced by 29.5%, and the variance was reduced by 39.9%. It can be seen that compared with the UKF algorithm, the ASRUKF algorithm proposed in this paper had better results in the attitude calculation of drilling tools, and the ASRUKF algorithm improved the accuracy of azimuth calculation better than the well inclination angle. It also proved the effectiveness of the error compensation and mutual correlation extraction methods adopted in this paper. And, the information fusion could effectively reduce the influence of external uncertainty interference on the attitude calculation error, give full play to the importance of the advantages of each sensor, and realize the complementary advantages after data acquisition.



In order to further verify the accuracy and stability of the attitude calculation method proposed in this paper, the changes in the inclination angle and azimuth angle were used to simulate different measurement conditions to evaluate the performance of the method. The inclination angle was adjusted to 10°, 30°, 45°, and 60°, the azimuth angle was set to 0° and 135°, and the speed was 1 rps. Figure 9 and Figure 10 show the absolute errors of the method proposed in this paper for calculating the deviation angle and azimuth angle at different angles.



It can be seen from Figure 11 and Figure 12 that the absolute error of the calculation results of the proposed method was maintained at the same order of magnitude under different drilling tool attitudes, which indicates the stability of the method for drilling tool attitude calculation.





6. Conclusions


In this paper, a drilling tool attitude calculation method combining cross-correlation extraction and the ASRUKF algorithm is proposed. After error compensation of the drilling tool attitude sensor, the effective gravitational acceleration is obtained by cross-correlation extraction, and the drilling tool attitude is calculated by the ASRUKF algorithm. Through an experimental platform using a fully rotating attitude calculation system, the attitude data of the drilling tool were obtained, and an attitude calculation test of the drilling tool was carried out by using the method proposed in this paper and by comparing it with the UKF algorithm. The experimental results show that the proposed method is superior to the UKF algorithm and can steadily improve the accuracy of drilling tool attitude calculation.



However, there are still some shortcomings in this study. The current proposed attitude calculation method is not comprehensive enough to consider error factors, the developed attitude calculation system compensates for the error based on the experimental platform built independently, there is a gap between the considered error interference and the actual interference, and the actual interference has uncertainty and randomness. The model can be applied to actual working conditions in follow-up work to add more error sources to compensate the model and improve the system’s performance.
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Figure 1. Attitude angle diagram. 
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Figure 2. Magnetic field distortion curve. (a) Non-interference; (b) hard magnetic distortion; (c) soft magnetic distortion. 
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Figure 3. Schematic diagram of accelerometer force during rotation. 
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Figure 4. Diagram of ASRUKF attitude calculation algorithm. 
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Figure 5. Experiment platform. 
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Figure 6. Calibration result. 
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Figure 7. Original output. 
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Figure 8. Extraction results of gravitational acceleration. 
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Figure 9. Comparison of inclination angle calculation results. 
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Figure 10. Comparison of azimuth angle calculation results. 
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Figure 11. Absolute error of inclination angle at 1 rps. 
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Figure 12. Absolute error of azimuth angle at 1 rps. 
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Table 1. Comparison of RMSE and variance of UKF an