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Abstract 

For the problem of long-distance oil and gas pipeline centerline measurement, a method of multi-sensor data fusion using the pipe 

centerline calculation is presented. The error model is set up by the system of navigation and nonlinear dynamic systems. Using the 

data of IMU and odometer to calculate the information of pig navigation. All of the errors were calculated by Kalman filter for 

estimation and compensation. It is concluded that the error for horizontal is 0.35m, the error for vertical is 0.74m for comparison of 

same pipeline centerline in different inspection time. One feature point is dug to verify the accuracy of the inspection which error is 
less than 1m. This method is effective for the buried pipeline to perform safely.  
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1 Preface 

 

With the continuous development of domestic oil and gas 

industry [1], more and more long-distance buried pipelines 

are used in the transportation of oil and gas products. Due 

to factors such as geological disasters that will cause pipe 

displacement or pipe deformation, thus great bending 

strain will be generated in local pipe body that which will 

result in additional stress leading to serious instability or 

material damage to the pipeline. To avoid pipeline failure 

accidents, Periodically and accurate pipeline centerline 

positioning measurements are needed in order to 

determine the specific location of the pipeline, and analysis 

situations such as pipe displacement, deformation and so 

on by calculating and comparing historical data, thereby 

making timely repair focusing on large deformation zone. 

Pipeline inspection is the basic method to ensure pipeline 

safety and In-line Inspection is recognized as the most 

effective detect means of pipeline safety. Now, large 

foreign pipeline companies have been able to detect and 

analyze pipeline position using ILI tools mounted with 

IMU, due to the monopoly of foreign technology 

companies on this technology, the domestic research in 

this area started relatively late, and most research are still 

in the experimental stage. 

In this paper, high-precision inertial measurement unit 

(IMU) oriented to long-distance gas pipeline centerline 

measurements was developed, and pipeline centerline 

location information was calculated through the use of 
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multi-sensor data fusion technology, and a variety of errors 

generated were corrected by the sensors using the extended 

Kalman filter, measurement locus error correction was 

made by referencing Marker point information, and finally 

get a more accurate pipeline centerline. 

 

2 Measurement systems in ILI  

 

As shown in Figure 1, the Inertial Measurement Unit 

(IMU) was mounted within the sealed pipeline inspection 

gauge (PIG) [2-5], in order to the post processing of 

geographic information data, the master clock in IMU 

must sync to the GPS clock in above ground marker prior 

to the inspection. PIG move forward under the driven by 

the impetus of oil or gas in the pipeline. IMU system is 

composed of three-axis orthogonal high precision laser 

gyroscope and three-axis orthogonal accelerometers. Since 

the inertial navigation system error and odometer offset 

error accumulated over time, leading to the data migration, 

so transmitter with the ability to transmit low frequency 

signal to trigger the above ground GPS marker was also 

installed besides the odometer. By doing so, using these 

devices you can do inertial and non-inertial sensor 

information fusion to calibrate the pipe centerline position 

calculated from the PIG, Thereby obtaining high-precision 

pipe centerline data. 
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FIGURE 1 Measurement system for In-line inspection of Pipeline 

centerline 

 

3 Pipeline centerline data fusion algorithm 

 

When run in the pipeline, data collected by all sensors in 

PIG is stored in the built-in memory. Every movement was 

collected by the inertial navigation unit including the 

angular velocity and acceleration in three directions and so 

on. Odometer measure the mileage of the PIG, thus obtain 

speed of the PIG to compensate error of the inertial 

navigation unit [6-10]. The above ground GPS marker 

receive low frequency signals generated by the transmitter 

to obtain the exact current location information that error 

compensation can be done by post-processing. This paper 

adopt the extended Kalman filter to process the internal 

attitude, velocity and position information obtained by the 

PIG, Simultaneously merge the non-inertial odometer data 

and the ground coordinate data with inertial data [11-13]. 

The calculation process adopt both the state of forward and 

backward extended Kalman filter solver system and fix 

generated system errors. Where in the forward filter is used 

to calculate ˆ
kx  the current state of the PIG, the backward 

filter is used to estimate ˆ
kx  the system state amount 

errors. Therefore the system current revision status is

ˆ ˆ ˆ
kC k kx x x  . Pipeline centerline data fusion algorithm 

block diagram is shown in Figure 2. 

 
FIGURE 2 Data fusion algorithm diagram of pipeline centerline 

 

3.1 INERTIAL NAVIGATION ALGORITHM 

 

Strapdown inertial navigation system (SINS) and the PIG 

speed, position dynamic equations are as follows: 
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where [   ]n T

e N E DV v v v  is the velocity vector of the PIG, 

n

lg  is the gravitational acceleration, 0 1 2 3[    ]Tq q q q q  is 

the four elements, 
bf  is collected force ratio value, L and 

l are respectively latitude and longitude h is the elevation. 

ER  and 
NR  are the earth radius under the WGS1984 

geography coordinator system.  
n

bC  is the transmit matrix from the PIG carrier 

coordinate system into the local navigation coordinate 

system that can be obtained by calculating the four 

elements [14-17], that is: 

2 2 2 2

0 1 2 3 1 2 0 3 1 3 0 2

2 2 2 2

1 2 0 3 0 1 2 3 2 3 0 1

2 2 2 2

1 3 0 2 2 3 0 1 0 1 2 3

     2( )   2( )

2( )         2( )

2( )      2( )      

n

b

q q q q q q q q q q q q

C q q q q q q q q q q q q

q q q q q q q q q q q q

     
 

      
 

     

, (6) 

where 
n

ie  is the Earth angular velocity in the navigation 

reference, 
n

en  is the angular rate relative to the Earth 

navigation reference, 
b

nb  is the platform’s angular rate of 

the navigation system. These angular rate expressions are: 
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Constant   is the Earth's rotation angular rate. Vector 

[     ]b b b b T

nb nbx nby nbz     is the angular rate of the carrier 

system to the Geography coordinate system using to 

update the attitude angle is system. The inertial navigation 

coordinates of the pipeline centerline can be calculated by 

integrating all the data in Equations (1)-(9). As the pure 

inertial navigation results has an error accumulation 

characteristic, and therefore require additional auxiliary 

sensor information to eliminate the accumulated error. 

 

3.2 DEAD RECKONING ALGORITHM 

 

Dead reckoning algorithm utilizes the carrier’s heading 

and attitude angle provided by the IMU with odometer 

speed to calculate the carrier’s relative position to the 

starting point. Assuming [0 0]b T

m mv v  is the 

projection of the odometer output speed in the carrier 
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coordinate system, where the speed of the navigation 

odometer system can be expressed as: 

[ ]n n b n n n T

m b m mN mU mEv C v v v v  , then the position 

information calculated using dead reckoning algorithm is: 
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3.3 ERROR EQUATION OF NAVIGATION AND 

INERTIAL SENSORS 

 

Run track of the PIG can be obtained by linearization the 

speed equation, and the speed error can be expressed as: 
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inclination and azimuth vectors, which can be 

approximately expressed as a smaller angle offset.  

This gives a navigation error in the navigation 

coordinates: 
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Dh v   , (15) 

where L , l  and h  are the latitude, longitude, and 

elevation error. 

 

3.4 ERROR EQUATION OF NON-INERTIAL 

SENSORS 

 

Data fusion algorithm is used to process the inertial unit 

data and other non-inertial sensors data, in order to 

decrease inertial error brought by inertial navigation. The 

non-inertial sensors here are odometer and above ground 

GPS marking boxes. Continuous odometer data can be 

converted into an average speed used to represent 
mv , the 

instantaneous speed of PIG. Assuming odometer ratio 

error factor is fek , and then the speed of the PIG can be 

expressed as: 

b b b

m x fe xv v k v  , (16) 

where 
b

xv  is the velocity component in the x direction of 

the PIG, 
n

vv  is the white Gaussian noise with zero mean 

generated in the measurement of the velocity. Therefore, 

error rate in the navigation frame can be expressed as: 

ˆ ˆn n n b n b n

m b m m fe vv v C v v v k v      . (17) 

The above ground marker (AGM) is used to receive the 

low frequency signal of transmitter, and can provide 

position information of the PIG. The position error model 

is: 

ˆ ˆn n n

m m pp p p p v     , (18) 

ˆ np  is the estimated location coordinates (latitude and 

longitude, elevation), 
n

mp  is location coordinates vector, 

pv  is the zero mean Gaussian white noise generated by 

measuring the position. 

 

3.5 EXTENDED KALMAN FILTER 

 

The error of inertial navigation results is an accumulating 

amount over time, and the error will greatly affect the 

output accuracy of navigation and positioning system. 

Navigation and positioning algorithm is an iterative 

calculation, If the calculation errors cannot be corrected, 

Navigation and positioning system will not accurately 

reflect the operation situation of the PIG. So, after analysis 

all the errors generated by the system extended Kalman 

filter is used for the system error correction. 

As the real-time state of the system is obtained by a 

series of non-linear formula, so the extended Kalman filter 

is used to calculate. The basic idea of Extended Kalman 

Filter is to distribute processing first, and then does the 

global integration; obtain global estimates based on all 

observations information data, it integrates speed, location 

measurement of INS and odometer, above ground GPS 

location marker boxes information. Extended Kalman 

filter is described by the following equation: 

1) state and output equations 

1 ( , , )k k k kx f x u k w   , (19) 

( , )k k kz h x k v  . (20) 

2) the state estimates partial derivative matrix after 

each calculation the time interval (t = kT) by the filter is: 
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3) filter update equation: 
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1
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1 ( ) T
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where 
kv  is the measurement error vector, 

kz  is the 

measurement vector. 
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 (25) 

By Equation (19)-(25), a system state equation was 

obtained from the system error model, which establishes 

the relationship between the speed, position error and the 

other error amount, between the previous error amounts. 

All the errors can be estimated through the forward 

Kalman filter, and then obtain the values of each state 

amount. 

 

3.6 THE BACKWORD KALMAN FILTER 

 

Filtering relevant information can be saved in the forward 

filtering and the error of each estimate can be got in the 

backward Kalman filtering, calibrated result ˆ
kCx  can be 

calculated finally. The backward Kalman filter using the 

following formula [18-20]. 

Assuming the estimated value and variance of each 

state are 
1kx 
 and 

1kp 
 at time k + 1, then: single stepping 

state predictive value: 

1, 1,
ˆ

k k k k kx x  . (26) 

Single stepping state prediction error covariance 

matrix 

1, 1, 1, 1, 1,
ˆ T T
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Time filter gain matrix at time K: 
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State estimation error at time K: 

1 1,
ˆ ˆ ˆ( )k k k k kx J x x    . (29) 

The estimated status value at time K: 

ˆ ˆ ˆ
kC k kx x x  . (30) 

 

4 Field validation and data analysis 

 

4.1 FIELD TEST EQUIPMENT AND PERFORMANCE 

INDICATORS 

 

Most domestic oil pipeline are heating transportation, and 

pass through mountain, hills, rivers and other complex 

environmental areas, the technical and safety requirements 

of electrical equipment of which is extremely strict. To be 

able to safely detect the actual pipeline, IMU should not 

only meet the technical performance, but also consider the 

actual situation of the pipe and the external environment in 

order to ensure the detection successfully and safely 

conducted. Technical performances of inertial devices 

used in the field test are shown in Table 1; the 

environmental targets need to meet are shown in Table 2. 

TABLE 1 Characteristic of Sensors 

Sensor Characteristics Magnitude 

Gyroscope 
bias <0.01°/h 

Random walk 0.002 / h  

Accelerometer 
Bias Stability <50ug 

Scaling factor <50ppm 

Odometer 
Scaling factor <0.3% 
White noise <0.1m/s 

Landmark White noise <±1m 

TABLE 2 Characteristics of Circumstances 

Characteristics Magnitude 

Temperature 0~60℃ 

Vibration 6g（RMS） 

Impaction 30g 
Pressure 3MPa 

IMU inertial navigation unit is mounted on the PIG shown 

in Figure 1. The data collected by the system is stored in 

the built-in memory. The data in the built-in memory is 

downloaded at the end of the field test via the 

communication cable and then carry out post-processing. 

 

4.2 DATA ANALYSIS 

 

Two centerline measurement field tests were conducted on 

one crude oil pipeline of PetroChina Pipeline Company, 

and the two tests’ relevant information are basically the 

same, here use the correlation results of the second trial as 

test instructions. Throughout the test, the PIG runs at an 

average speed of 1.16m/s in the pipe, the maximum speed 

is 1.27m/s, and the entire trial took about 54 hours and 15 

minutes. An above ground GPS Marker is set just on the 

ground above buried pipeline centerline every 2Km to 

obtain the time that PIG pass through the Marker to 

perform error correction on the measurement results. 
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Integrate the IMU data, odometer data and the above 

ground GPS Marker data using the data fusion algorithm 

describes in this article can obtain a more accurate pipeline 

centerline. The following uses the first 30km trial data as 

an example of the data analysis, Figures 3 and 4 show the 

track and height of the pipeline centerline during 

inspection obtained by the PIG. As can be seen from the 

figure, the height of pipeline changes significantly and 

fluctuated considerably, while the PIG’s speed traveling in 

the pipe is more stable and run in a relatively stable state. 

 
FIGURE 3 Curve of pipeline for measurement of In-line inspection 

 
FIGURE 4 Height of the curve for measurement of In-line 

inspection 

The twice measurement results of this pipe section 

were comparative analysed to calculate the repeatability 

between the two measurements. Since using 300m as an 

error analysis unit that there will be a total of 100 points in 

the first 30Km. As can be seen from Figures 5 and 6, the 

error curve and the error distribution of the two 

measurements as follows, the error between the two 

obtained pipeline centerline is small. The error statistics 

shows that the error in the horizontal direction is 0.35m 

(1σ), while in the height direction is 0.74m (1σ). 

 
FIGURE 5 Horizon and height error for two measurements 

 
FIGURE6 Horizon and height error of the measurement distribution for 

two measurements 

 

4.3 EXCAVATION VERIFICATION OF FEATURE 

POINTS 

 

To further validate the accuracy of the measurement 

results, select the middle point of the right bend in Figure 

3 as excavation verification point to verify the accuracy of 

IMU measurements. The location point calculated by IMU 

measurement result locates 0.4 meters downstream the 

target point while locates 0.7 meters right side in the 

vertical direction of the oil flow. This error is equal to the 

analysed repeatability error between two measurements in 

last section. From this we can see that the accuracy of IMU 

can achieve to less than 1m which meets the accuracy 

requirements in actual work. 

 

5 Conclusion 

 

1) This paper studied a buried pipeline centerline 

measurement method based on inertial navigation 

technology and multi-sensor data fusion, integrating 

inertial navigation systems, odometer data and ground 

GPS data to calculate the coordinates of buried pipeline 

centerline; 

2) Through the use of high-precision, strong impact 

vibration resistance devices, improved system’s security, 

reliability, and successfully applied to the site inspection 

of actual crude oil pipeline; 

3) All the errors generated in the inspection process were 

effectively inhibited by this method and the accuracy of 

the measurement results was improved. Through 

repeatability error analysis between the two measurements 

and feature points excavations verify shows the actual 

positioning accuracy of PIG was within 1m. 

4) The above ground GPS marker boxes trigger rate is not 

high due to factors such as the depth, conductivity of soil 

and so on. To improve GPS Marker boxes trigger rate then 

further improve positioning accuracy, a suitable ground 

tracking technology should be further researched. 
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