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Abstract 
Inspection and maintenance of aging ferrous pipelines of oil and gas industry is a major challenge especially when 

pipelines are buried in extreme environmental conditions like a desert. Condition monitoring of the metallic 

pipelines involves two layers of inspection, at first, the inspection of the quality of the cathodic protection (CP) 

layer and the second is to diagnose the condition of the metallic core of the pipeline. For performing, any kind of 

external inspection, maintenance or repair of the pipeline or its CP layer, from the above ground position, accurate 

location of the buried pipelines has to be known beforehand. Novel non-contact external inspection technique 

based on metal magnetic memory (MMM) also require to know the accurate location of the buried pipeline for the 

collection of reliable data. Currently, the task of locating the buried pipeline from above ground is performed 

manually with the help of handheld pipe-locators (PL) where the ground operator carries the PL while looking at 
the display screen of PL to navigate just above the pipeline over the ground. There are situations due to bad terrain 

and difficult environmental conditions like the extremely hot or cold climate where manual walking of a human 

operator for a long distance is not feasible and in such situations, an autonomous robotic device moving above the 

buried pipeline can be of great help.  This paper presents the complete automation of detecting, locating, navigating 

and tagging of the buried pipeline based on PL data. The robotic mechanism has two primary components, the first 
non-contact sensors (NCS) and the second Autonomous Ground Vehicle (AGV) to carry the sensors. Further NCS 

has three sub-categories like detection sensor, navigation sensor, and inspection sensors. Detection sensors locate 

the pipeline; navigation sensor helps mobile platforms to navigate along the detected pipeline and finally inspection 
gather inspection data from the pipeline. Since, all the process of detection, navigation, and inspection is non-

contact and completely autonomous; therefore, no human intervention is required after the initial set-up of the 

mission. PL based automated tracking of buried pipelines involve the implementation of the two-level controller 

the first for angular correction and the second for lateral correction. A high level of accuracy is achieved in pipeline 
tracking leading to better data collection for non-contact external inspection by magnetic sensors.  
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1.  Introduction 
 
The total growth of global pipelines is expected to increase by about 12.2% by 2022 [1]. 

Pipelines are important for the safe transportation of oil and gas from the production site to the 

distribution sites. Most of these pipelines are laid down in the underwater or buried environment 

where these structures are exposed to extreme weather conditions such as high temperature, 

pressure, humidity, moisture, dust, etc. The long-term exposure to these severe environmental 

conditions can build corrosion, erosion, cracks, joint-failures, thermal cycling, shock loading, 

etc.[2], that can adversely affect the health of oil and gas pipelines. Therefore, regular inspection 

and maintenance of these structures are vital for the integrity and safety of the pipeline 

operation. The inspection methods in oil and gas pipelines can broadly be classified as internal 

and external inspection. In-Pipe Inspection Robots (IPIR) are used as a vital tool for detecting 

internal faults while performing In-Line Inspection(ILI). Based on the propulsion mechanisms, 

IPIRs are classified as Pipeline Inspection Gauge(PIG) type[3], wheel type[4], snake type[5], 

legged mobile or walking type[6], caterpillar type[7], screw type[8], wall-press type[9] etc. The 

speed of PIG type IPIR mainly depends on the flowing medium and the in-flow pressure inside 

the pipelines. Even though the inspection method is promising, the PIG is likely to get blocked 

in the pipelines if there are any deformities in the pipelines or any changes in the inflow 

pressure[10] and the PIG operation is expensive, time-consuming and need a pre-preparation 

before actual launching of the inspection PIG.  
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Unlike the internal inspection, the external inspection of the buried oil and gas pipelines are 

tedious for the pipeline operators. In the current external inspection method, the operators have 

to carry various sensors and walk/drive along the normal/buried pipelines in harsh 

environmental conditions to conduct the visual inspection, collect reliable data and to identify 

any visible defects in the pipelines. For performing, any kind of external inspection, 

maintenance or repair of the pipeline or its CP layer, from the above ground position, accurate 

location of the buried pipelines has to be known beforehand. Currently, the task of locating the 

buried pipeline from above ground is performed manually with the help of handheld pipe-

locators (PL) where the ground operator carries the PL while looking at the display screen of 

PL to navigate just above the pipeline over the ground. During this process, the location of the 

identified pipeline is tagged with their corresponding GPS coordinates by an operator using a 

handheld GPS module for future reference. The accuracy of target identification and tagging 

highly depends on the experience of the operator and also, the readings can be error-prone due 

to misinterpretation of sensor readings and also by the limitation of the human eye to make 

precise measurements. Also, there are situations due to bad terrain and difficult environmental 

conditions like the extremely hot or cold climate where manual walking of a human operator 

for a long distance is not feasible. As the manual external inspection and fault detection methods 

are time-consuming, error-prone and labor-intensive, the introduction of robotic inspection 

methods can be an effective solution for the same. The inspection will be more accurate and 

since the robot can operate for a longer period of time without break, it can provide more 

comprehensive and efficient inspections especially in potentially dangerous inspection sites.  

 

A complete Autonomous Non-Contact Inspection System (ANCIS) that can detect, locate, 

navigate and geo-tag the buried pipeline is proposed in this paper. The ANCIS has two 

components (i) Non-Contact Sensors (NCS) and (ii) Autonomous Ground Vehicle (AGV) to 

carry the inspection sensors. Further NCS has categorized into (i) Detection sensor, that locates 

the buried pipeline; (ii) Navigation sensor, that helps mobile platforms to navigate along the 

detected pipeline (iii) Inspection sensor, that gathers inspection data from the pipeline. Since, 

all the process of detection, navigation, and inspection is non-contact and completely 

autonomous; therefore, no human intervention is required after the initial set-up of the mission.  

A GPS module, which automatically tags the location of the identified pipeline structure is also 

a part of the proposed inspection system. For the accurate tracking of AGV over the buried 

pipeline, a two-level controller is designed for the lateral and angular correction. Section 2 

technically describes the components of ANCIS. The proposed two-level controller is presented 

in section 3. The experimental setup and the results are demonstrated in section 4 and finally 

the conclusion in section 5. 

 

2.  Autonomous Non-Contact Inspection System (ANCIS) 
 
As most of the oil and gas pipelines are buried for about 2-3 meters under the ground for safety, 

economic and environmental reasons, the external autonomous non-contact inspection system 

must have the capability to inspect those pipelines from the surface irrespective of the terrain.  

The proposed ANCIS system consists of AGV and various non-contact sensors like pipe-

locator, GPS module, etc. and the component description is as follows. 

 

2.1  Autonomous Ground Vehicle (AGV) 
 

As the AGV has to inspect the buried pipelines irrespective of the terrain, Segway RMP 440LE, 

a rugged 4-wheel all-terrain mobile robot with a payload capacity of 200 lb is used as the ground 



vehicle. Pipe locator, which identifies the buried pipeline is attached to the front side whereas 

any type of non-contact magnetic sensor which collects the data from the buried pipeline can 

be attached at the rear side of the ground vehicle. The GPS module is also mounted on the top 

of the vehicle. All the above-mentioned sensors are connected to a UDOO onboard computer 

which acts as the master control for the entire system.   

 

The data collected from the pipe locator is fed to the onboard computer. The two-level controller 

generates the desired velocity commands for the ground vehicle to navigate along the buried 

pipeline based on the pipe locator data. While navigating, the GPS module mounted on the 

ground vehicle autonomously records the GPS coordinates of the buried pipeline in every 10 

sec and the magnetic sensor attached at the rear end can collect the desired data from the buried 

pipeline for further analysis. The master controller collects the pipe locator data and 

sends/receives the control/feedback command from the ground vehicle. The AGV operates 

autonomously based on the pipe locator data and can also be controlled using joystick/remote 

desktop in emergency situations. The proposed AGV and the overall system design is shown in 

Fig.1. 

 
Fig.1 (a) AGV (b) overall system components 

 

2.2  Non-Contact Sensors (NCS) 
 

2.2.1  Pipe Locator 

 

A precise non-contact target identification device is necessary for the autonomous pipeline 

inspection method. Pipe locator, which uses electromagnetic waves to detect the buried 

structure was developed and widely used in oil and gas industries over the years. The pipe 

locator, which is used manually by the operators for identifying the accurate position of buried 

oil and gas pipelines is automated for this work. The pipe locator has two components (i) 

transmitter and (ii) receiver and is shown in Fig.2. The transmitter is first connected to the 

cathodic protection pole or uncovered portion of the pipeline, and alternating current with an 

optional frequency is injected to the pipeline which generates an electromagnetic signal along 

the pipeline. The radiated electromagnetic signal from the pipeline is received by the receiver 

of pipe locator. Based on the received signal strength, the receiver sends a digitalized output to 

the onboard computer, which indicates: 



 Angle: Angle between the pipe locator and the pipeline direction. The negative sign 

indicates the clockwise direction and positive sign indicates the anti-clockwise 

deviation 

 Position: Indicates the position of pipe locator with respect to the pipeline. -1 indicates 

the pipe locator is on the right side, +1 indicates the pipe locator is on the left side and 

0 indicates the pipe locator is directly above the pipeline. 

 Relative distance: This number represents the relative distance between the pipe locator 

and the pipeline. The relationship between relative distance and actual lateral distance 

is explained in [11].  

 Depth: Indicates the distance between the pipe locator and the pipeline structure. When 

the transmitter is connected properly, this value indicates the actual distance or else it 

gives some random numbers. 

 

 
Fig.2.(a) Pipe locator: receiver and transmitter (b) manual inspection using pipe locator 

 

2.2.2  GPS module 

 

Oil and gas pipelines should be inspected regularly for effective supply/utility management. 

Precise positioning of buried oil and gas pipeline structure is a powerful practice for sustainable 

and resilient infrastructure issues. The geotagging of these structures are important for the 

buried pipeline identification and also to identify the correct location of the anomalies. 

Currently, the operators are walking over the buried pipeline and geotag the infrastructure using 

a hand-held GPS module. This procedure can be automated by mounting a GPS module on the 

AGV. In the proposed system, an effective method of autonomous tagging of buried pipelines 

with its GPS location is demonstrated.  The accuracy of tagging largely depends on the precision 

of the GPS module and the tracking accuracy. 

 

3.  Controller Design 
 

The AGV should precisely track the buried pipeline structure based on the pipe locator data. A 

simple PID controller is designed to generate the yaw rate, y(t) whereas the forward velocity, 

v(t) is taken as constant. The controller is designed in such a way that the lateral and angular 

error is corrected simultaneously by using the lateral distance (l) and angular (𝜃) information 

from the pipe locator as shown if Fig.3. The control gains of the PID controller is choosen in 

such a way that the AGV should smoothly track the buried pipeline structure. 



 
Fig.3 Lateral distance and angle information from PL with respect to the buried pipeline 

 

The PID block diagram is as shown in Fig.4 and the control equations can be given as: 𝑦𝑎𝑤 𝑟𝑎𝑡𝑒,  𝑦(𝑡) = 𝐾𝑝𝜃𝑒(𝑡) + 𝐾𝑖 ∫ 𝜃𝑒𝑡
0 (𝜏)𝑑𝜏 + 𝐾𝑑 𝑑𝜃𝑒(𝑡)𝑑𝑡  

And 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑣(𝑡) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

 
Fig.4 PID block diagram 

 

4.  Experimental Setup and Results 

 

4.1  AGV Navigation 

 
Setting up of real oil and gas pipeline structure in the lab environment is cumbersome and 

expensive. An artificial berm was created using wooden blocks (1.22 m x 1.22 m x 0.33 m) in 

the lab environment. A total length of ~16m berm was laid outside the lab as shown in Fig. 4 

with a turn of 30 degrees at ~ 9m after the initial point. A thin metallic wire was placed under 

the berm to simulate the effect of real pipeline structure. The AGV equipped by the pipe locator 

and GPS module autonomously track the buried pipeline structure and navigate along the berm. 

Position of AGV and the wire is shown in Fig.5. The metallic wire is grounded at both ends and 

the pipe locator’s transmitter is connected to one end of the wire. A 50mA current at 640Hz is 
injected to the wire and the induced electromagnetic signal is received by the pipe locator’s 
receiver module. Based on the pipe locator data, the velocity commands for the autonomous 

vehicle navigation was generated by the PID controller and the results are shown in Fig.6. 

 



 
Fig.5 Experiment Setup 

 

Fig.6(a) and 6(b) represents the lateral correction and angular correction respectively based on 

the PID controller. The AGV is precisely tracking the thin wire till ~9m and can see a sudden 

lateral and angular deviation at that section which represents the 30-degree turn. It can be 

noticed that the PID controller is correcting the deviation and still able to track the buried 

pipeline. As per the relationship between the actual deviation in inches and the relative distance 

obtained from the pipe locator, the maximum lateral deviation in the relative distance with the 

wire is 20 which corresponds to approximately 7 inches. Normally the size of oil and gas 

pipeline varies between 9inches to 48 inches. Therefore, the AGV is still tracking the real 

pipeline without moving away from the pipeline structure. More precise tracking algorithm can 

be developed by either tuning the control parameters or by designing advanced controllers. 

 

 
Fig.6 (a) Lateral Correction (b) Angular Correction 

 

 

4.2  Geotagging 
 

Based on the pipe locator data, the AGV is able to precisely track and navigate along the 

underlaid metallic wire. While navigating, the GPS module mounted on the AGV, 

autonomously tag the structure with their corresponding GPS coordinates in every 10sec as 

shown in Fig.7. The accuracy of tagging largely depends on the precision of the GPS module. 



 
Fig.7 Auto-tagged pipeline path 

 

5. Conclusion 
 

An autonomous non-contact inspection system for the buried oil and gas pipelines inspection 

and condition monitoring is developed. A novel tracking algorithm based on the pipe locator 

data for autonomous tracking is demonstrated. The autonomous geotagging method helps the 

operators to know the exact location of the pipelines for further analysis. An acceptable level 

of accuracy is achieved in pipeline tracking leading to better data collection for non-contact 

external inspection by magnetic sensors.  
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