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Abstract 

The state of most underground mine tunnels could be very capricious and precarious with possible sudden 

dangers including that of near collapse walls, exposition to toxic substances including dangerous gases. 

These dangers coupled with size restrictions of portions of such mines inspection by robots the preferred 

option as opposed to that done by humans. This is even more critical for a country such as Ghana which 

has underground mining as one of main industrial activities and also a large percentage of the mining 

areas lying within seismic and tectonic zones (myjoyonline.com, 2018). This work addresses the 

engineering of an autonomous robot for performing site inspection of underground mines. An 

experimental robot (G-BOT) constructed from Lego EV3 educational kit is used for this project. The 

experimental robot used is equipped with two large active motors and three ultrasonic sensors. The 

classical industrial PID control feedback system together with fundamental control principles are 

employed to ensure smooth and autonomous navigation of the robot through acutely constrained curves 

of a tunnel. This paper discusses the design and programming of an autonomous navigation mechanism 

of a tunnel inspection robot. Key findings in this work include the establishment of the fact that a simple 
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design of robot using 3 ultrasonic sensors with the associated programming can be deployed to effectively 

navigate the tunnel of an underground mine. And that the effectiveness of the navigation would allow 

the expansion of the robots capabilities to include the fixing of cameras and electronic sniffers to 

definitively make a determination of which portions of the tunnel may be presenting personnel and 

equipment with dangers that would have to be addressed ahead of a possible disaster.  

 

Future work will include the fitting of appropriate sensors and programming of the robot to use these 

sensors for inspection and reporting of state of the tunnels. 
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Introduction 

This work aims at the design, construction and programming of the navigation system of an autonomous 

robot for performing site inspection of underground Gold mines in Ghana. Construction of most 

engineering systems require analysis, design, construction, verification and validation of the entity to be 

realized; robots are no different. Essentially, autonomous robots are made up of sensors, computational 

units (processors), actuators and an application software (mostly custom made) that coordinates all the 

parts of the robot hardware to achieve the desired results. In a typical autonomous robotic system, sensors 

gather information from the surrounding environments of the robot as inputs. Some robots however, 

allow remote connections for future inputs to be fed to the robotic system while on site. An Input sets 

received from attached sensors or remotely from control sources serve as instantaneous decision vectors 

data block or control variables for processing by the computational units whose output are usually a set 

of control signals for controlling the robots actuators.  
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Autonomous Robot Navigation Techniques 

The use of robots for inspection activities has been a common research area with several work (Gambao 

& Balaguer, 2002) (Balaguer & Abderrahim, 2008) conducted in for the purpose. One key section of 

these works has to do with the adopted navigation methods for the inspection robots. Various techniques 

have been adopted for autonomous navigation in this area of robotics. Among these include the use of 

Extended Kalman Filter (Wang, 2011) implemented using odometry model of robots and the use of 

parameters of the lines detected by the Hough algorithm to correct the robot's orientation. In work by 

author in (Bayer, 2012), a laser scanner for wall detection is deployed on a kinematic unicycle robot 

together with a controller having an explicit representation of the wall as a planar curve. 

In this work however, autonomous navigation is achieved using ultrasonic sensors to measure 

instantaneous varying distances of the relative position of the robots from the walls of the tunnel.  We 

adopt a closed loop control system for the navigation mechanism over an open loop control where all 

distances, speeds, time and other routing parameters are calculated and programmed into the robots 

memory for each departure destination point beforehand. Choosing a closed loop control requires the 

robot to be able to compensate for errors that will occur in real-time during execution since navigation 

parameters are not predefined for its routes. To compensate for real-time errors and to achieve a smoother 

autonomous navigation, we adopt the classical Proportional Integral Derivative (PID) feedback control 

mechanism widely used for industrial closed loop controls.  

Ultrasonic sensors 

Ultrasonic sensors transmit an ultrasonic burst with frequencies from 20kHz to several gigahertz to detect 

any obstacle and outputs a pulse. The output pulse width corresponds to the time required for the burst 

echo to return to the sensor. The distance between the robot and a wall can be determined by multiplying 

the pulse width and the velocity of the ultrasonic burst. The Lego EV3 robot used for this study sends 

out 12 sound bursts at 40kHz and has a beam angle of 90 degrees. It’s output is the computed distance 
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of an obstacle from the mount point of the sensor and has a 0.1 resolution with an accuracy of 1cm and 

operating range up to 250cm.  

Proportional integral derivative (PID) controllers 

The PID controller mechanism widely used in the field of industrial control system is a feedback loop 

control technique system. Generally, PID controllers compute an error value/figure as the difference 

between an instantaneous measured industrial process variable and a required threshold value. The major 

task of the PID control mechanism is to reduce this error value by adjusting parameters of the process in 

an attempt to have a zero difference between the instantaneous process value and the desired threshold 

value (Wilson & Boateng, 2016).  

The PID controller does this parameter manipulation via three constant figures (Proportional gain, 

Integral gain and Derivative gain) and the measured error values. The proportional gain constant is used 

to scale the computed instantaneous error to an appreciable level for error correction. The Derivative 

gain takes charge of a predictive error based on the rate of change of previously measured computed 

error values and the Integral gain is a ‘forgetful’ factor used by a portion of the controller which 

accumulates all past errors as a parameter for error correction. 

Error Correction Of Ultrasonic Sensor Readings  

The modeled PID controller computes and refines an error value as the deviation of the measured 

instantaneous ultrasonic sensor reading from the desired distance the robot is supposed to maintain 

between itself and the walls of the tunnel.  

In summary, the PID control system below receives instantaneous ultrasonic sensor readings of robot 

distance (dt) from the wall of the tunnel and the desired distance (d0) as input and computes the deviation 

(dt - d0) of the current occupancy value from the threshold value as the current error e(t). This deviation 
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(error) value(s) is used by the Proportional (P), Integral (I) and Derivative (D) units to compute the 

proportional, integral and derivative deviations of the measured robot distance from the tunnel walls.  

 

A summation of the respective deviations mentioned above is a deviation value (U(t)) that factors in a 

proportional deviation, deviation history and a predictive deviation of the robot’s current  position from 

the desired keep-away distance from the tunnel walls computed as shown below: 

U(t) = Kp * error(t) + Kp * 
𝑑

𝑑𝑡
(error (t)) + 𝐾𝑖 ∗ ∫ 𝑒𝑟𝑟𝑜𝑟(𝜏)𝑑𝜏

𝑡

0
….. (1) 

The resulting U(t) is either positive or negative depending on the whether the current robot position is 

more closer or further away with respect to the desired keep-away distance.  

G-BOT’s design and navigation mechanism 

In getting G-BOT to navigate along the tunnel walls as desired, a simple but very efficient algorithm is 

programmed to make use of the PID outputs of the three ultrasonic sensors (S1, S2 and S3) to control 

two large motors (M1 and M2) attached to the robot as shown in fig. 1 below:  
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Fig. 1 : The Experimental Robot Design 

Depending on the robots orientation, it follows either the right or left wall of the tunnel. The chosen 

algorithm for navigation intends to maintain the robot at a constant keep-away distance (d0) from the 

tunnel walls ensuring that the orientation of the robot is parallel to the walls as depicted in fig. 2a. Sensor 

readings from S1 and S3 are used to align the robot along the walls of the tunnel while readings from 

sensor S2 is used to maintain the keep-away distance once the robot is aligned. Coupling this design with 

the adopted navigation control results in four possible scenarios shown in fig. 2 below to be processed 

by the robot autonomously in an unknown environment.    

                

   Fig. 2(a)     Fig. 2(b) 
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 Fig. 2(c)   Fig. 2(d) 

Fig. 2(a) represents a scenario where the robot is parallel (both S1 and S3 record same distance) to the 

wall with S2 reporting a value within the tolerance range of the desired keep-away distance. In this state, 

the algorithm generates control signals to move both active wheels forward at the same and constant 

speed (V0). 

Fig. 2(b) represents a scenario where S1 records a distance greater than S3 while S2 remains within the 

tolerance range of the keep-away distance. Fig. 2(c) represents the reverse situation where S1 records a 

lesser value than S3 while S2 remains within the tolerance range of the keep-away distance. This depicts 

a scenario where the robot is not far away from the wall but is directed away from the wall as in fig. 2(b) 

or towards the wall as in fig. 2(c).  

In both situation, a proportional steering technique is used to correct the deviation. Control signals are 

generated by the algorithm to align the robot parallel to the wall by slowing down one of the active active 
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wheel and increasing the speed of the other active wheel. This is achieved by adding a fraction of the 

difference between the sensor readings of S1 and S3 to the constant speed of M1 and subtracting same 

from the default speed of M2. Thus the motor speeds under this situation are as follows: 

M1  speed = V0 + ɣ(S1reading – S2reading) --------- (2) 

M1  speed = V0 – ɣ(S1reading – S2reading) ---------- (3) 

Where ɣ is a proportional steering gain chosen between 0 and 1. Take note that the value of  S1reading – 

S2reading  is either positive or negative and thus, determines which of the two motors M1 or M2 will slow 

down and which will speed up. This will align the robot in both situations until the robot is in the state 

shown in fig. 2(a) in which case it continues to move forward or until the state depicted in fig. 2(d) is 

attained. 

Fig. 2(d) represents a scenario where the robot is parallel (both S1 and S3 record same distance) to the 

wall but S2 reporting a value less than the minimum desired keep-away distance from the tunnel walls. 

In this situation, the robot will have to be moved away from the wall. To achieve this, control signal is 

generated to move M2 forward while M1 is stopped forcing the robot into state shown in fig. 2(b) for 

the robot to re-align itself. 

Conclusion 

In this work, an autonomous robot is designed for underground tunnel navigation with the ultimate 

objective to conduct tunnel inspections. The robots navigation system uses three ultrasonic sensors to 

determine the relative position of the robot with respect to the tunnel walls. Real-time deviation (error) 

of the robot’s relative position from a preferred keep-away distance is computed using a programmed 

PID feedback mechanism. Proportional steering of the robot wheels using the PID controller outputs 

from the three ultrasonic sensors to generate control signals for the robots steering and navigation of the 
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underground tunnel. Considering the fact that underground tunnels could have turns and unexpected 

obstacles in the robot’s path, an extra ultrasonic sensor can be positioned in front of the robot for detection 

of obstacles ahead. Key findings include the establishment of these: the use of 3 ultrasonic sensors 

mounted on the G-BOT (robot) in combination with a PID controller system and the associated 

programming can be successfully used to navigate the path in underground mine tunnels in a very fine 

(non-coarse) manner. This technique opens up a number of possibilities of the robot being fitted with 

cameras and electronic sniffers for the thorough inspection for cracks in tunnel walls and the presence of 

dangerous gases; for the prevention of accidents and unnecessary danger to human lives. 

A dedicated motor can then be used to move detected obstacles away from the robot’s path. Further 

advancement can be made in future work to deploy sensors for detection of the state of the underground 

tunnel and a communication mechanism to communicate the state of the mine in real-time. 
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