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Abstract  
Sub-committee DSATS (Drilling System Automation Technical Section) which represents a sector in SPE 

(Society of Petroleum Engineers), organizes this year the sixth competition for the title of Drillbotics™ 

champion, in an effort to accelerate the uptake of automation in the drilling industry.  

 

This report presents the design phase for the competition for 2020 UKMO team. Studying in Master Degree 

at the Algerian University (Université Kasdi Merbah Ouargla). The past year, the Drillbotics Competition was 

separated into two category (Group A & Group B). 

 

The Group (A) objective was to design a miniature-drilling rig with a downhole sensor, which can 

autonomously drill a deviated well according to a well plan indicated in the previous guidelines, while the 

Group (B) objective was to design a device to drill autonomously a vertical well as quick as possible using a 

downhole sensor in order to optimize the drilling parameters in many different formation. This category was 

intended for teams participating for the first time in the competition.  

 

As a new team during the last year, the UKMO team was able to be a part in the Group (B) and design their 

first miniature-drilling rig, which can attend to the Group (B) goals. 

 

The 2020 challenge will focus on the directional drilling techniques by requiring teams to drill a wellbore to 

hit multiple targets at varying vertical depths and X/Y coordinates. The use of a downhole sensor and closed 

loop control of the rig based on downhole data is mandatory for this year competition. 

 

In order to perfect these tasks, many changes have been made to the previous device, the team is going to use 

an Air Motor which will be the responsible of the rotation of the drill bit to avoid the drill string rotation, a 

new generation of MPU 6050 downhole sensor will be used to ensure more precision during the device control, 

a top drive servomotor will be needed to control the Azimuth and a knuckle joint equipped with an electrical 

motor responsible on having different range of inclination values.   

 

The control system is based on a new optimization algorithm adaptable with directional demands. Specific 

PID Controller is implemented to four parameters; position controller, top drive Torque controller, WOB 

controller and electrical downhole motor controller.  

 

The objective of the UKMO team is to bring new facilitations to have a safe drilling process by letting the 

system autonomously respond to any change in target coordinates by integrating a Human Interface that will 

be used to inject inputs in an optimization program that computes the necessary parameters to meet the final 

target. 
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Mohammed Anis BOUMAZA  

Team responsible & coordinator,  
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Rig design & modification,  
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Yasser BATEN  

HSE responsible 

Sensor sub mechanical design  

Sensors implementations 

& calibration, 

Data transmition 

 

b)  Organization: 

To ensure smooth work during the design report writing phase, the project group has defined specific roles 

and areas of responsibility for each member, this part being the most important seeing that the team is 

composed of four members where the need of a good organizational chart is mandatory for success. The work 

was divided based on the area of expertise of each member and putting him where he excels best to take the 

most advantage out of him and ensure flexible communication between the members. The organizational chart 

below describes the roles and tasks of each member contributed in the design report phase. 
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1. Introduction  
To make a step forward in drilling automation, a group of Society of Petroleum Engineers (SPE) members, 

established in 2008 the Drilling Systems Automation Technical Section (DSATS). In 2015, the Drillbotics 

competition was organized by DSATS for the first time. This competition encourages bachelor’s, masters and 

doctorate students to form a multi-disciplinary team to design, build and automate a miniature drilling rig. 

Each year, students have to solve a variety of different tasks established by the DSATS committee that 

resemble on site-challenges the drilling industry is facing today. 

 

Year after year, the competition evolved to be more challenging and more fun for creativity and solving 

various engineering problems especially in drilling engineering, mechanical manufacturing solutions and 

automation control methods.  

According to the 2020 guidelines, each team have to drill an unknown directional well and hit one or more 

targets at one or more vertical depth(s) in one rock sample, those coordinates will be only available during the 

competition test. The only available information to propose a suitable solution to this problem is that the 

wellbore inclinations will not require an excess of 30° from vertical, 15° change in azimuth, or 10” 

displacement (departure from the vertical axis at well center). 

This challenge involves the design of a new totally flexible and controllable mechanism capable to drill the 

given trajectory as quick as possible and allow by the same time the implementation of a downhole sensor 

which will be the main responsible of the downhole data measurement like the tool face orientation, the 

Azimuth and inclination in addition of calculating several parameters like the Dogleg severity required to hit 

the target.  

The focus of the UKMO team is to propose a new mechanical design for the directional BHA assembly, which 

can give a wide control for the azimuth and inclination, and ensure the bit rotation without the drill pipe 

rotation. 

The idea is to use a downhole air motor to ensure the bit rotation, a new specific knuckle joint for the 

inclination will be designed, another downhole electrical motor will be installed in the upper part of the BHA 

to control the knuckle joint orientation and ensure variable inclinations without any human interventions. 

The azimuth will be controlled by using a top drive servo motor, this one will not be used to drill the vertical 

part because the electrical swivel will be canceled from the actual device,  

This proposed method is totally new and will require a high precision during the construction part, for this 

reason, the team will use a 3D printer to manufacture the whole BHA assembly. 

2020 Well plan: 

According to the 2020 guidelines, a vertical part of the rock sample of 4 " must be drilled as a pilot hole from 

the top of the rock vertically, the kick off point will be below this part. Once the vertical part is drilled, the 

teams enter the directional phase, which will be given by different coordinates X / Y with a given vertical 

depths Z. 
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According to our understanding, here is an example shown in the figure below that models the rock sample in 

3 dimension, this example contains 2 targets, the target A with its coordinates (Xa,Ya,Za) and the target B with 

(Xb,Yb,Zb). Making a deflected hole along the proposed path involves the design of a human interface (HMI) 

which allows entering the targets coordinates then automatically calculating the values of the azimuth and 

inclination required to cross this point. 

 

 

 

 

  

 

 

 

 

 

 

Figure 01: Planning of the expected trajectory. 
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2.Directional Drilling, Method & Basics: 
2.1. Directional drilling basics: 

This section entails the various concepts and theoretical understanding of directional drilling, how and when 

directional drilling happens? What are the factors that define the directional drilling procedure?  

a) Introduction: 

Directional drilling is described as "the art and science involved in the deflection of a wellbore in a specific 

direction in order to reach a pre-determined objective below the surface of the Earth." How much art and how 

much science is actually involved is still debatable, although there has been a significant swing towards 

scientific methods in recent years.  

The drilling of relief wells demanded better directional control and monitoring. Directional surveying 

instruments known as "single shots" allowed the operator to plot the course of the well much more accurately. 

Deflecting tools such as whip stocks could also be oriented in the required direction. The early single shots, 

however, relied on a magnetic compass that could be affected by local magnetic fields in the drill string or 

casing. Non-magnetic drill collars and gyroscopic surveying tools were introduced to improve accuracy under 

these circumstances. 

This is how a directional well can have different trajectories based on the type of profiles: 
 

 

Figure 02: Vertical view of a directional well profile. [1] 

The applications of directional drilling can be regrouped into the following categories: 

A. Sidetracking, 

B. Drilling to avoid geological problems, 

C. Controlling vertical holes, 

D. Drilling beneath inaccessible locations, 

E. Offshore development drilling, 

F. Horizontal drilling, 

G. Non-petroleum uses. 

Figure 02 shows different factors that need to be defined: 

Azimuth: The direction of the wellbore measured in degrees (0 to 359) clockwise from the true north or 

magnetic north. 
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Easting: one of the coordinates used to plot the well's position on the horizontal plane (along the x-axis). 

 

Northing: one of the coordinates used in plotting the position of the wellbore in the horizontal plane (along 

the y-axis) 

 

Latitude: one of the coordinates used in plotting the well path on the horizontal plane (along the y-axis) 

Longitude: is perpendicular to the equator and passes through the North and South poles and is denoted by a 

number of degrees (0-180°) East or West of Greenwich. 

 

Inclination: A measure of the angular deviation of the wellbore from vertical sometimes referred as drift 

angle. 

Kickoff point: The depth at which the wellbore is deliberately deviated from the vertical 

Build up rate: the rate at which drift angle is increasing as the wellbore is being deviated from vertical. 

Usually measured in degrees per 100 ft drilled.  

 

Offset: the difference between the actual –drilled- well path and the planned well path 

 

Horizontal displacement: the projection of the well position while drilling on the horizontal axis of the 

surface 

Target: the desired underground point to be reached. 

Vertical depth: the measurement of a straight line perpendicularly downwards from a horizontal plane. 

Measured depth: the total length of the well being drilled. 

Drop-off: the section of the well where inclination angle reduces. 

Dogleg: a change in well trajectory. 

Station: a point into which azimuth and inclination are measured. 

2.2. Directional Drilling Theory: 

The most used methods in steering a well from its trajectory are by using a positive displacement motors, 

Turbo drills and Rotary steerable systems. 

2.2.1. Positive displacement theory: 

a) Dump Valve: 

To prevent the motor rotating while running into the hole or pulling out of the hole, a by-pass valve or dump 

valve is installed at the upper end of the motor. This valve has radial ports that allow communication between 

the drill string and the annulus. During a trip when the pumps are shut off, these ports are open to allow the 

string to drain while pulling out or fill when running in. The ports must be closed off during drilling to allow 

normal flow through the motor. Under the increased pressure due to the mud pumps, a piston pushes a sleeve 

down to cover and seal off the ports. Whenever the pumps are shut off, a spring forces the sleeve upwards, 

opening the ports again. 
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b) Motor Section: 

The positive displacement motors consists of two basic components: 

1. A rotor is a steel shaft which is shaped in the form of a spiral or a helix, for a single lobe configuration, 

the cross section of the shaft is circular, it is free at the top but attached at the bottom by a universal 

joint 

2. A stator is a molded rubber sleeve that forms a spiral passageway to accommodate the rotor. The rubber 

is fixed on the steel body of the motor  

 

c) Universal Joint: 

Since the shaft is rotating eccentrically, the lower end must be connected to a universal joint. This joint 

converts the eccentric motion to concentric motion, which is then transmitted to the bit. Various types of 

flexible joints can be used, but the simplest design is a ball joint lubricated by grease. A rubber sleeve around 

the joint prevents contamination by mud. The universal joint is then connected to the drive shaft, which rotates 

within the bearing assembly. Two universal joints can be used. 

 

d) Bearing Assembly 

This is probably the most critical component of the PDM, since the durability of the bearings very often 

determines the operating life of the motor itself. The bearing assembly fulfils two functions. 

(a) It transmits the axial load to the bit. This is achieved through thrust bearings that consist of steel balls 

contained within spring-loaded ball races. Several sets of thrust bearings may be necessary to increase the 

load-carrying capacity of the motor. 

(b) It maintains the central position of the drive shaft to ensure smooth rotation. This is done by using radial 

bearings. These are sleeve type bearings made of elastomer material. Two radial bearings are normally 

included in the assembly. The upper bearing acts as a flow restrictor, diverting a small percentage of mud 

through the bearing assembly for lubrication. Sealed bearings lubricated by oil will increase the operational 

life of the motor. To measure the amount of bearing wear that has occurred during a motor run, a simple check 

can be made at the rotary table. While the PDM is suspended and hanging freely, the distance between the 

bearing housing and the drive sub should be measured. When the motor is set down on the rig floor, the same 

measurement is taken again. The difference between these two measurements is referred to as the bearing 

wear. This can be compared to the maximum allowable bearing wear recommended by the motor 

manufacturer. [2] 
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Figure 03: Major components of a Positive Displacement Motor (Courtesy Baker Hughes Inteq.) [1] 

 

2.2.1.1. Discussion:  

Despite the mechanical characteristics constraints, the team firstly thought about making its own PDM motor 

due to the facilitations and performance it offers, a study was conducted to know the system performance and 

the abilities it performs while drilling. This study is basically a comparison between the values of torques and 

RPM the system –PDM- can function with and transmits to the bit and the maximum allowable torque and 

RPM the drilling demands.  

To guarantee a safe drilling, the range of parameters the drilling demands is at the maximum, based on 

previous calculations, the maximum allowable torque showed a value of 11.57 N.m, and the maximum RPM 

was 1500, hence these two values will be taken as two point of reference. 

The study is conducted by mathematical calculations of the maximum torque and RPM the PDM can transmit 

to the drill bit and the previously determined parameters which showed a modest performance. 

The energy supplied by the drilling fluid is used to rotate the helical shaft, which in turn rotates the bit. The 

only part of the motor that can be seen by an observer to rotate is the sub lower end. The pressure of the fluid 

trapped within the sealed chambers of the motor forces the shaft to turn. Only by displacing the shaft can the 

fluid exit from the passageway between the rotor and the stator. 

The speed of rotation n can be determined from: [2] 

𝑛 =  
𝑄

𝐴 𝑃𝑟𝐶𝑠
     (1.a) 

Where Q is flow rate through the motor, A is the cross sectional area of the flow path, Pr is the rotor pitch and 

Cs is the number of lobes of the stator 

For a single-lobe motor the flow area is given by: [2] 

𝐴 =  (
𝜋𝑑𝑟

2

4
+ 2𝑒𝑑𝑟) − 

𝜋𝑑𝑟
2

4
      (2.a) 

Therefore 

𝐴 = 2𝑒𝑑𝑟
2
      (2.b) 

Where 𝑑𝑟 is the rotor diameter and E is the eccentricity. 
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The eccentricity is the distance between the center of the rotor and the central axis of the stator. The speed of 

rotation for a single lobe PDM is therefore given by: 

𝑛 =
𝑄

2𝑒𝑑𝑟𝑃𝑟𝐶𝑠
     (1.b) 

In terms of oilfield units, this equation becomes [2]: 

𝑛 =  
57.75 𝑄

𝑒𝑑𝑟𝑃𝑟
      (1.c) 

Where: 𝑄 is the flow rate (gpm); E is the eccentricity in (in.), 𝑑𝑟 is the shaft diameter in (in.), 𝑃𝑟 is the rotor 

rotor pitch in (in.) and N is the rotational speed in (rpm). 

It can be seen that the rotational speed varies linearly with flow rate. By Increasing the geometrical factors e, 

dr and Pr, the speed will be reduced. A range of different designs can be therefore be designed to give any 

varying bit speeds  

The power developed by the motor is calculated from the product of torque and angular velocity (in radians 

per seconds) [3] 

 

𝑃 = 1.904 × 10−4 𝑇𝑛      (3) 

The torque developed by the motor can be calculated by considering the relationship 

𝑃 =  
𝑄 ∆𝑃

1714
        (4) 

Where: Q is the flow rate in (gpm), ∆𝑃 is the pressure drop in (psi) and P is the power in (hp). 

By combining Equation (3) and (4) an expression for torque can be derived: 

1.904 ×  10−4 𝑇𝑛 =  
𝑄 ∆𝑃

1714
 

 

Where   

 

  𝑄 =
𝑛𝑒𝑑𝑟𝑃𝑟

57.75
       (5) 

And solving for T yields  

 

𝑇 = 5.306 ×  10−2 × 𝑒𝑑𝑟𝑃𝑟∆𝑝       (6) 

This equation can therefore be used to calculate the theoretical torque delivered by a single lobe PDM. Note 

that this theoretical torque is ideal and most often higher than the actual developed at the bit. For the sake of 

simplicity, the drilling runs in ideal motor conditions.  
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Available data: 

Parameters Values 

Flow rate (GPM) 0.22 

Eccentricity (in.) 0.11 

Rotor diameter (in.) 0.51 

Rotor Pitch (in.) 2.36 

Pressure loss through motor (psi) 72.25 

Number of rotations (RPM) 1500 

Torque (N.m) 11.57 

RPMPDM 96 

Torque –PDM- 0.69 

 

According to the results, Positive displacement motor of single lobe rotor configuration offers weak 

performance and does not fulfil what drilling demand, which is why drilling with a PDM, is not one of the 

team’s objectives. 

2.2.2. Trajectory calculation 

At the end of each successful survey, the following data is measured 

 Survey measured depth 

 Wellbore inclination 

 Wellbore azimuth (corrected to relevant north) 

The above data will then enable the bottom hole location at the last survey point to be calculated accurately 

in terms of 

 TVD 

 Northing 

 Easting 

 Vertical section 

 Dog-leg severity 

The calculated data is then plotted on the directional well plot (TVD vs vertical section on the vertical plot, 

N/S vs E/W rectangular coordinates on horizontal plot) 

2.2.2.1. Calculation techniques: 

There are several methods used for survey calculations; However, only the two most widely used methods 

will be presented here 

 Radius of curvature method 

 Minimum curvature method 
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a) Radius of curvature method 

The radius of curvature method fig uses the top and bottom angles to generate a space curve having a 

spherical arc shape which passes through the two stations; Each course length is assumed to be a circular arc 

in both the vertical and horizontal planes. 

Increment of true vertical depth (∆𝑇𝑉𝐷) 

∆𝑇𝑉𝐷 = 
360 × ∆𝑀𝐷 (sin 𝐼2− sin 𝐼1) 

2𝜋 (𝐼2− 𝐼1)
      (7) 

Where ∆𝑀𝐷 is the increment of course length, 𝐼2, 𝐼1 are the inclination angles at stations 1 and 2 

respectively. 

 

Figure 04: Radius of curvature method. [1] 

Increment of northing co-ordinates  ∆𝑁  

∆𝑁 =  
3602×∆𝑀𝐷 (cos 𝐼1−cos 𝐼2)(sin𝐴2−sin𝐴1)

4𝜋2(𝐴2−𝐴1)(𝐼2−𝐼1)
       (8) 

Increment of easting co-ordinates 

∆𝐸 = 
3602×∆𝑀𝐷 (cos 𝐼1−cos 𝐼2)(cos𝐴1−cos𝐴2)

4𝜋2(𝐴2−𝐴1)(𝐼2−𝐼1)
       (9) 

Where 𝐴1 and 𝐴2 are the azimuth angles of both stations 1 and 2 respectively. 

b) Minimum curvature method 

The minimum curvature method uses the principle of minimizing the total curvature within the constraints 

of the wellbore in order to produce a smooth circular arc. The surveys at the two stations define vectors 

which are tangent to the wellbore at the survey points. A ratio factor (RF) is used to smooth vectors on to the 

wellbore curve. 
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Figure 05: Minimum curvature method. [1] 

First, calculate the ratio factor (RF) 

𝑅𝐹 =  
360

𝐷𝐿 × 𝜋
× tan

𝐷𝐿

2
       (10) 

Where RF is the ratio factor and DL is the dog leg angle in degrees; and  

cos𝐷𝐿 = cos(𝐼2 − 𝐼1) − sin 𝐼1 sin 𝐼2 (1 − cos(𝐴2 − 𝐴1))       (11) 

∆𝑇𝑉𝐷 = 
∆𝑀𝐷

2
(cos 𝐼1 + cos 𝐼2) × 𝑅𝐹          (12) 

∆𝑇𝑉𝐷 = 
∆𝑀𝐷

2
(sin 𝐼1 cos 𝐴1 + sin 𝐼2 cos 𝐴2) × 𝑅𝐹       (13) 

∆𝑇𝑉𝐷 = 
∆𝑀𝐷

2
(sin 𝐼1 sin 𝐴1) + sin 𝐼2 sin 𝐴2) × 𝑅𝐹       (14) 

 

2.2.2.2. Dogleg severity 

Dog leg severity is a measure of the amount change of change in inclination and/or the direction of a 

borehole, usually expressed in degrees per 100 feet of course length, several formula are available to 

compute the total effects where there is both a change in Inclination and azimuth. 

The dogleg severity (DLS) is given by:  

𝐷𝐿𝑆 =  
100

𝑀𝐷
 cos−1(cos(𝐼2 − 𝐼1) − sin 𝐼1 sin 𝐼2 (1 − cos(𝐴2 − 𝐴1)))       (15) 

Where DLS is dogleg severity, degrees/ 100ft. 
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3. Safety 

The oil and gas industry, potentially one of the most hazardous industries in the world. The combination of 

powerful equipment, flammable chemicals and processes that are under high pressure can lead to hazardous 

and even deadly incidents.  

It is expected that potential hazards will be encountered during all phases of this project. Major safety concerns 

relevant to our application will be addressed. 

When conducting incident investigations or job safety analyses, one of our tasks is to try to determine 

corrective actions to prevent an accident from happening in the future.  In deciding what corrective measures 

should be implemented, OSHA's Hierarchy of Controls can provide a framework for determining the most 

effective corrective actions to undertake. 

 

 

Figure 06: OSHA Hierarchy of Controls. 

Our team will take OSHA Hierarchy of Controls into consideration when dealing with all the dangers and 

hazards that will be mentioned below  

          3.1. Risk assessment 

Risk assessment is a term used to describe the overall process or method where you: 

 Identify hazards and risk factors that have the potential to cause harm (hazard identification). 

 Analyze and evaluate the risk associated with that hazard (risk analysis, and risk evaluation). 

 Determine appropriate ways to eliminate the hazard, or control the risk when the hazard cannot be 

eliminated (risk control). 

A risk assessment is a thorough look at your workplace to identify those things, situations, processes, etc. that 

may cause harm, particularly to people. After identification is made, you analyze and evaluate how likely and 

severe the risk is. When this determination is made, you can next, decide what measures should be in place to 

effectively eliminate or control the harm from happening. 



                                                                                                                                                                 2020 Competition 

22 
 

The CSA Standard Z1002 "Occupational health and safety - Hazard identification and elimination and risk 

assessment and control" uses the following terms: 

 Risk assessment: the overall process of hazard identification, risk analysis, and risk evaluation. 

 Hazard identification: the process of finding, listing, and characterizing hazards. 

 Risk analysis: a process for comprehending the nature of hazards and determining the level of risk. 

 Risk evaluation: the process of comparing an estimated risk against given risk criteria to determine 

the significance of the risk. 

 Risk control: actions implementing risk evaluation decisions. 

Why is risk assessment important? 

Risk assessments are very important as they form an integral part of an occupational health and safety 

management plan. They help to: 

 Create awareness of hazards and risk. 

 Identify who may be at risk (e.g., employees, cleaners, visitors, contractors, the public, etc.). 

 Determine whether a control program is required for a particular hazard. 

 Determine if existing control measures are adequate or if more should be done. 

 Prevent injuries or illnesses, especially when done at the design or planning stage. 

 Prioritize hazards and control measures. 

 Meet legal requirements where applicable. 

The aim of the risk assessment process is to evaluate hazards, then remove that hazard or minimize the level 

of its risk by adding control measures, as necessary. By doing so, you have created a safer and healthier 

workplace. 

The goal is to try to answer the following questions: 

 What can happen and under what circumstances?  

 What are the possible consequences? 

 How likely are the possible consequences to occur? 

 Is the risk controlled effectively, or is further action required? 

With all this in mind we split the Risks And Safety Priority into 3 categories  

a) Safety of personnel  

b) Safety of Equipment 

c) Safety of Environment  

 

a) Safety of personnel   

The Safety of all personnel is always of the utmost importance and should be considered for all potentially 

hazardous operations, Personal protective equipment (PPE) will be worn at all times to minimize exposure to 

potential hazards. 

Examples of PPE include gloves, safety glasses, steel toe boots, hearing protection, and hard hats.  
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Some of the potential hazards the team anticipates might happen are: 

Struck by object and pinch points, as a precaution, machine guards and enclosures will be placed around all 

rotating devices and moving equipment. Gloves or lose sweaters are not permitted around equipment such as 

Rotating objects, for instance the drill pipe or BHA during drilling. This is a precautionary measure to prevent 

damage to fingers and hands. 

Slips, trips, or falls, Slips, trips, or falls are generally caused from poor housekeeping, loose wires and hoses, 

and spills. a Precaution protocol would be to always keep things clean in the workplace and maintain better 

housekeeping  by either hiding the wires or properly fasten all wires and hoses to clear out the walkway. 

Electric shock Electricity alone is dangerous, all high voltage setup on the rig must be performed by qualified 

personnel. Potential incidents with electrical equipment include shocks and damage to equipment. Risk 

reducing measures include keeping water away from electrical sources and making sure power is cut off while 

connecting wires and components. In addition, all wiring shall be insulated 

Risk of Fire, when the team Begins the construction of the rig there will always be a chance of incipient fire 

through electrical, chemical, and overheating ignition sources. To solve this issue a fire extinguisher will 

always be around or in close range to the rig in case of emergency.  

b) Safety of Equipment 

Proper management of equipment must be considered for safety reasons as well as preserve costs and down 

time. It is crucial that our team take the proper measurements to ensure mechanical construction and electrical 

wiring is completed with maximum accuracy to avoid adversities. 

String buckling, is an example of safety equipment, String buckling may occur from excessive weight on bit 

combined with lateral vibration. The team will perform lab tests on the drill string to determine its critical 

buckling load. 

c) Safety of Environment  

A clean environment is essential for healthy living. Protection of the environment is vital to keeping oil and 

gas the industry leader of energy. 

Chemical spills or Chemical reactions, in particular if for instance one is experimenting with chemicals in 

the drilling mud. As a precautionary measure, equipment to handle chemicals and protective equipment (such 

as gloves, lab coat, and goggles) must always be worn. 

 

3.2.  Hazarders and Problems Expected During operation 

Most of the Hazards that might the team might encounter during the operation are related to handling the rock 

samples, moving parts on the rig, high internal pressure, and buckling of drill pipe. As well as more general 

hazards, the methods used to prevent anyone from getting injured is to at all time when near or working on 

the rig to wear PPE and be more aware of your surroundings. 

After analyzing last year and the different dangers when operating near the rig the biggest concern was related 

to the moving equipment on the rig. People getting caught on moving parts can cause serious injury, and 

should be avoided. This is done by keeping people away from moving parts, avoiding loose clothing and 

turning off the power when working on the rig. 

Another hazard could be the Flying objects, for instance if a component comes flying off during rotation of 

the drill bit (and thus pipe), Drill pipe failure can cause damages to people and equipment due to flung debris 

and high-pressure fluid. To avoid DP failures the team will keep the internal pressure well below the bursting 
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pressure of the pipe, and the drill pipe stresses and vibrations low enough as to not cause buckling or twist off 

of the drill pipe. 

An emergency stop button is located on the side of the rig and will stop the top drive and the hoisting motor. 

At least one person should be near the emergency stop button during the running of the rig. 

This year, the team wants to implement weekly group meetings. This will allow the team members to be 

informed on the current operations concerning the project and keep everyone on track. There will also be 

mandatory group meetings prior to working on the rig. 
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4. Rig Mobility:  
One of the required tasks noted in the guidelines and should be taken under consideration during the design 

phase is the Rig Mobility. The device must have a mechanical system or use any methods that facilitates the 

rig transportation during the test area and need to be suitable within the limits imposed by the Drilling 

conference organizers.   

The design of a light and mobile structure with presided dimensions that meets the requirements of the 

competition is one of the challenges of the team. 

For that, the rig was designed in a way that makes it easy to move around which results a less trouble when 

operating it. The team first thought about the height and came up with the idea to include a mechanism or a 

way for the rig to fold on top of the table. We ended up using little wheels which and attached on the bottom 

side of the rig which help it to fold slowly and efficiently,  

The total height of the rig structure is around 2.6m when not folded and approximately 1.65m when folded; 

this structure allows the rig to go through any door without any problem. 

 

 

Figure 07: Real picture showing the Rig Down position. 
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Figure 08: Diagram showing maximum dimensions of the rig when operational. 

The transport of the rig to the competition site must be considered in advance and must be included in the 

mobility of the device. According to the 2020 guidelines and precisely in section 3.19.4.2.E, the dimensional 

weight of rig for the shipment in kilograms using centimeters can be obtained by multiplying the length by 

the width by the height (L x W x H) in centimeters and then dividing the result by 6000. 

For the UKMO case, the total estimated weight included the wooden box is about 550 Kg.  

 

 

  
Figure 09: Real pictures of the UKMO 2019 Rig during the shipment to Germany. A wooden box was 

designed and made by the team for the shipment operation.  
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5.   Design considerations: 
 

a) Warning lights 

Seeing how this year the team will be using a downhole motor to perform the directional drilling and the 

process may take some time. A way to know if the hoisting motor is rotating was needed and will be 

implemented by adding warning lights to know at all time that the rig is functioning and all the motors are 

doing their jobs.  

b) Alignment of the Drill string  

One problem the team faced last year was making sure that Drill stem was aligned well seeing how on more 

than one occasion it was not due to not using the right tool to make sure. This year however, the team will 

assure that the drill string is perfectly aligned by using the laser alignment method where a precise laser will 

be the reference to ensure their will be no problems. 

c) The Fabrication of The BHA using 3D Printer 

 Last year fabricating the BHA was hard due to complexity of the design and the many components it had this 

year with the design getting even more complex with the adding of many motors downhole the BHA will be 

3D printed to ensure that the dimensions of our Equipment all fit perfectly. 

d) The use of an Air compressor instead of Water Pump  

Seeing how this year with the direction drilling the need of using a pneumatic motor to rotate the drill bit was 

necessary, this forced the team to change the water pump used in last year’s rig in exchange of an air 

compressor that will work perfectly with the pneumatic downhole motor. 

e) The use of an Electrical Motor 

Since this year the control will be very specific and the team will not know the coordinates they must reach 

until the day of the competition, a mechanism had to be made to insure that the team can control the angle on 

inclination this is achieved by adding a downhole electrical motor which will help us vary in the angle in 

which the BHA will bend. 

 

     5.1. Theoretical background 

This part consists of analyzing the weakest part of the drilling system being the drill pipe. A study was 

conducted to know the limiting values that governs the pipe’s performance considering the pipe as the essential 

part in the drilling system to ensure the connectivity between the bottom of the hole and the surface. The study 

included knowing the maximum values of the weigh on bit and its variations in the vertical drilling and 

directional drilling knowing that the vertical part is a drilling at a depth of 4 inches and the directional part 

starts afterwards, the torque, the burst pressure and the pipe tendency for fatigue due to mechanicals constrains 

and system defects. 

a) Drill string buckling limit:  

In order to determine the maximum weight that the pipe can handle, we need to define the slenderness ratio 

that is in engineering, a measure of the tendency for a drill pipe to buckle, if the theoretical slenderness ratio 

found to be greater than the critical ratio, then the Euler Formula is applicable. If it`s not the case, then 

Johnson Parabolic Formula would be more accurate. The theoretical slenderness ratio is defined by the 

effective length of the column and Gyradius as it shown in the equation below: 
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(𝑆𝐿)𝑡ℎ = 
1

𝐾 
= 𝑙 × √

𝐴

𝐼
     (16) 

Where l is the effective length in (m), A is the Cross Sectional Area in (m2), I is the Second moment of 

inertia in (m4). 

𝐴 =  
𝜋

4
 (𝐷𝑜

2 − 𝐷𝑖
2)       (17) 

𝐼 =  
𝜋

64
 (𝐷𝑜

4 − 𝐷𝑖
4)       (18) 

The Critical Slenderness ratio is defined by: 

(𝑆𝐿)𝑐𝑟 = √
2𝜋2𝐸

𝛿𝑦
              (19) 

Data: According to AEROSPACE SPECIFICATION METALS INC., the Aluminium Alloy 6061-T6 data 

sheets indicates the following properties: 

Aluminum Alloy 6061 T6 

Tensile Yield Strength (δy) 276 MPa 

Modulus of Elasticity (E) 68.9 GPa 

Shear Modulus 26 GPa 

Shear Strength  207 MPa 

 

Drill pipe dimensions used:  

Drill Pipe US units (in) SI (mm) 

Do 0.375 9.525 

WT 0.049 1.245 

Di 0.277 7.035 

L 36 921.6 

 

Results: 

Slenderness ratio Value 

Theoretical 310 

Critical 2 

 

Based on the results above, the theoretical slenderness ratio is found to be greater than the critical 

slenderness ratio therefore Euler`s Formula is applicable [3]: 

𝐹𝑐𝑟 = 
𝜋2𝐸𝐼

(𝐾𝐿)2
       (20) 

Where: E is the Modulus of elasticity in (Pa), I Is the second moment of inertia in (m4), K is the effective 

length factor, L is the effective length in (m). 

Results:  

 Values 

E (Pa) 68.9 × 109 

I (m4) 2.83 × 10-10 
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K 0.9 

L (m) 0.92 

Critical load (N) 281 

 

We shall highly consider the effect of deviation on the buckling limit variation, therefore, Eq gives an 

approximate value of how much weight the drill pipe can handle in deviated well paths [1]: 

𝐹𝑐 = 550 √
𝐼 × 𝑊𝑑𝑝 (65.5−𝑀𝑊)sin𝜃

𝐷𝐻−𝐷𝐵𝐻𝐴
        (21) 

Available Data and results:  

 Value 

Hole Diameter (in) 1.5 

BHA Diameter (in) 1.333 

Mud weight  -Air- (ppg) 0.01 

Drill pipe Weight (lb) 2.2 

Maximum Inclination (degrees) 15 

Second moment of Inertia (in4) 6.81 × 10-4 

Safety Factor 3 

Critical Force (lb) 112 

 

 

Figure 10: Drill string buckling limit simulation via Solidworks. 

 

b) Limiting Torque:  

Torque is one of the detrimental factors that conditions the drill pipe integrity, risks of over torque are needed 

to be avoided, the following analysis states the maximum torque tolerated by the pipe. 
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Torque is defined by:  

𝑇 =  𝜏 ×
𝐽

𝜌𝑟
                                 (22) 

Where τ is the Tensile yield strength in (Pa), J is the polar moment of Inertia in (m4)  

𝐽 =  
𝜋

32
 (𝐷𝑜

4 − 𝐷𝑖
4)                    (23) 

Combining Equation (22) and (23)gives 

𝑇𝑚𝑎𝑥 = 𝜏𝑚𝑎𝑥 × 
𝜋

16
 (

𝐷𝑜
4− 𝐷𝑖

4

𝐷𝑜
)      (24) 

Maximum Allowable Torque 24.67 N.m 

 

As safety considerations, the Euler-Mascheroni constant, 

𝜏𝑦 = 0.577 ×  𝛿𝑦                          (25) 

Replacing τmax by τy, leads to:  

Allowable Torque 19.0 N.m 

 

 

Figure 11: Drill pipe torque limit simulation via Solidworks. 

c) Burst  

Burst pressure is literally the pressure that a pressure vessel like pipe or tube can handle before rupturing or 

‘bursting’ [4], it is defined by Barlow equation written: 

𝑃𝑏𝑟 = 0.875 
2 𝛿𝑦 𝑡

3 𝐷
                (26) 
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Where 𝑃𝑏𝑟 is the burst pressure in (bar), 𝛿𝑦 is the tensile yield strength in (bar), t is the wall thickness, D is 

the outer diameter and three is a safety factor. 

Based on data in section, the pipe can handle 210 bar of internal pressure before it bursts. 

d) Drill String Failure: 

Fatigue failure occurs by either repeated cyclic stresses or by vibrations. Most washouts are caused by fatigue 

cracks except those caused by connection leaks. 

Fatigue cracks are smooth and planar and oriented perpendicular to the axis of pipe or connection. Fatigue 

cracks occur at stress concentrators such as: internal upsets, slip cuts, corrosion pits on tubes and thread roots 

of connections. The last engaged pin or box threads are usually the starting points for connection fatigue [1]. 

Prevention of fatigue failure: 

 Lower cyclic stress is achieved by having: 

 Minimum dog leg severity 

 Stabilized BHA 

 Keeping drill pipe compression to below critical buckling load in high angle wells 

 Avoiding rotating at critical vibrations 

 Stress relief features 

 Protect pipe against corrosion, use corrosion coupons in upper connection of the Kelly or top drive 

saver sub and one in the connection at the top of the BHA [1]. 
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6.  Mechanical Design , functionality & versatility: 
One of the most important parts of the project is the mechanical design. The design of a structure that meets 

the needs of the objective need several studies on the different parts of the rig, the understanding of the 

relations between each part and its role will help in a positive way to optimize the drilling operation in each 

phase of the well. 

To respond to this year's contest, some changes in some parts of the device have been made, this year's BHA 

assembly will be completely different from the last year, the circulation system will be replaced by the air 

seen that the device contains an air motor responsible for the bit rotation during all the phases, that will imply 

the use of an air compressor. 

This part contains all the mechanical designs for all rig parts, the structure of this year is based on the previous 

one, the design of the BHA assembly is explained in detail below, attached with illustrations of each part. The 

current design is always in the examination phase and could be modified according to the constraints 

encountered during the construction phase, based on this the team will be able to select the final design for the 

second phase. 

2019 Rig Structure: 

The 2019 Rig Structure was designed to attend the Group B objective (Drill a vertical well), the rotation 

system was ensured by a 2 Kw Top Drive servomotor from SIEMENS which works with an absolute encoder 

that can give the different drilling parameters like the RPM, Torque and Position in real time with high 

precision. A ball screw ensured the hoisting system with mobile nut attached to a 0.2 Kw servomotor, which 

can calculate the bit position thanks to the encoder technology.     

Concerning the circulation system, a triplex water pump was added to the rig and used for the cutting 

evacuation.  

The structure is made with hollow steel beams of 5 * 5 cm. The upper part of the device represents the most 

vital element that brings together most equipment. For this reason, 4 steel tubes of 3cm diameter and 1cm wall 

thickness were added to this part to ensure sufficient resistance to the weight applied to the rig during lifting 

operations as the weight of the whole drill string assembly is approximately 50 Kg. 
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Figure 12: Real illustration of the 2019 Drilling Rig. 

2020 Rig modifications: 

The 2020 Rig has been modified and designed according to the actual guidelines, the proposed design is 

inspired from real devices used in the oil and gas field and adapted to be controlled automatically and allow 

the implementation of downhole and surface sensors and ensures mobility, functionality, safety, versatility 

and high precision drilling performance. 

 

The main modifications in the rig design are stated in the following points: 

 

 New downhole air motor. 

 New downhole electrical motor. 

 Air compressor.  

 New pneumatic swivel. 

 Elimination of the slip ring.   

 New BHA assembly design.   

 

For this year’s competition, a downhole air motor will be the responsible of the bit rotation system in order to 

avoid rotating the drill string. Avoiding rotation of the drill string would eliminate the need of a slip ring 

(electrical swivel) for transmitting downhole data. This in turn eliminates a lot of noise in the signal created 

by the slip ring. In addition, the rotation of the drill string would add further noise to the signals so in order to 

get good clean data, we wanted to eliminate the rotation of the drill string and just use the top drive to control 

the Azimuth. 
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Figure 13: 3D illustration of the 2020 Rig.  

 

 

Figure 14: 2020 surface main equipment.  

     6.1. Drilling systems: 

     6.1.1. Rotary System:  

Directional drilling generally involves rotating the drill bit without having to rotate drill string, for this reason 

a downhole air motor has been selected to provide the rotation system. 

Due to the small dimensions given by the competition committee, the selection of a downhole motor that can 

meet the needs of the system also becomes a new challenge for this year. The actual industry offers a wide 

range of electric and pneumatic motors, which can be qualified for such a system. 



                                                                                                                                                                 2020 Competition 

35 
 

The use of an air motor allows having an acceptable torque and a high rotational motion thanks to its higher 

power density, which can be similar to an electrical motor. Air motor speed can be controlled and adjusted by 

an air compressor through simple flow-control valves and the torque can be varied simply by regulating the 

air pressure. This method will subsequently make it possible to minimize the number of electronic cables used 

in the system to supply the downhole equipment and for data transmission. 

Several manufacturers offer a variety of pneumatic motors, for the actual case, an air vane motor will be the 

most suitable for drilling [5]. 

Key features of an air vane motors are: 

 Low noise level 

 Low flow pulsation 

 High torque at low speeds 

 Simple design 

 Easy serviceability 

 Vertical installation friendly 

Because of their flexibility and versatility, pneumatic motors respond to a wide range of needs. It is therefore 

important to choose the right motor to achieve the desired results. 

Pneumatic gear motors with rotary vanes consist of a pneumatic part and a gear part, the pneumatic part allows 

the motor to turn via the pressure of the compressed air on the various elements, the gear part allows for speed 

and torque regulation in accordance with the end use of the motor. 

 

Figure 15: Operating principle of an air motor [5] 

The pneumatic part is made up of a cylinder called a stator containing an eccentric rotor and closed at both 

ends by two flanges, the space thus created between the stator and the rotor is crescent shaped.  The rotor has 

slots within which the vanes will move freely. 

While the rotor is in rotation, the centrifugal force presses the vanes on the internal surface of the stator thereby 

splitting the space into several chambers of different volumes. Pressurized air (usually 4 to 6 bars) is injected 

into the pneumatic motor by the point of air injection.  It enters the compression chamber which is thus 

pressurized.  Each wall of this chamber will be subjected to a force proportional to its surface. 

The walls of different surfaces defined by the vanes will be subject to different forces thereby driving the rotor 

in rotation. 
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The volume of the compression chamber will increase and the air within will expand.  The next compression 

chamber is in turn submitted to pressure and the same phenomenon occurs, allowing for the constant rotation 

of the rotor. This rotation motion then brings the chamber into exhaust position, releasing the air outside of 

the motor. It is this succession of pressurization, which enables motors operation [5]. 

 

Figure 16: Changing reduction modifies the Torque / Speed ratio without changing Power [5]. 

Based on some tests during the 2019 competition and previous data form other devices, the team was able to 

preselect a downhole air motor from DEPRAG, which have the following performance data:      

 Nominal power : 170W 

 Nominal speed : 750 rpm 

 Nominal torque : 2.1 N/m 

 Air consumption : 0.3 m^3/min 

Other characteristics of the DEPRAG air motor are shown in the table below:   

 

Figure 17: 104-320-1 DEORAG air motor specifications [6].  
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Figure 18: Real picture of the downhole air motor. 

     6.1.2. Hoisting System:  

The hoisting system represents one of the systems that must be continuously controlled during all phases of 

drilling; the control of the vertical movement of the string means the control of the WOB parameter, which 

needs a high precision control for a stable advancement. 

To ensure this task, a ball screw was adapted in the system with some mechanical modification. This tool is 

used in particular in CNC machines, which is a mechanical linear actuator that translates rotational motion to 

linear motion with little friction.  

The hoisting servomotor provides the rotational motion to the ball screw that converts the rotational motion 

into vertical motion to the nut, the rotation of the motor in both directions causes the vertical displacement of 

the nut, upwards for lifting and downwards to apply WOB. 

 

 

Figure 19: 3D design of the hoisting system from Solidworks. 
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Almost all machines use stepper motors, which are related to the stepper of the screw, the use of such a motor 

will limit the control with low speeds and low advancement, for this reason, it was better to use a servomotor 

equipped with an absolute encoder.  

The servo motor has a rotation detector (encoder) mounted on the back shaft side of the motor to detect the 

position and speed of the rotor. This enables high resolution, high response positioning operation. 

The encoder is a sensor for detecting the speed and position of the motor. Light from the light-emitting diode 

(LED) passes through a position detection pattern on the slit disk and is read by the light-receiving element. 

Dozens of photo transistors are integrated in the light-receiving element. All of the patterns for absolute 

position detection depends on the rotation angle of the encoder. The CPU is mounted on the encoder for 

analysis of the absolute position detection patterns. The current position data is transmitted to the servo driver 

via serial transmission. 

The following figure shows the construction of a standard servo motor 

 

Figure 20: Servo motor components [7]  

The servo motor is composed of three elements: the motor, the encoder and the driver. The driver has the role 

of comparing the position command and the encoder position/speed information and controlling the drive 

current. The servo motor always detects the motor condition from the encoder position and speed information. 

If the motor should come to a standstill, the servo motor outputs an alarm signal to the controller for 

abnormality detection. The servo motor must adjust the control system parameters to match the rigidity of the 

mechanism and the load conditions, though in recent years, real time auto-tuning has made this adjustment 

easy. 

The hoisting servo motor power is dependent on the ball screw specification, based on the power estimation 

of last year, the chosen motor was the 1FL6032-2AF21-1MA1 from SIEMENS [8].  
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Figure 21: 1FL6032-2AF21-1MA1 Hoisting servo motor from SIEMENS [8] 

A linear rails guide system is combined with the ball screw to provide stable vertical motion and eliminate 

horizontal movement.  

Liner Bearings is a bearing designed to provide free motion in one direction, not all linear slides are motorized, 

and non-motorized dovetail slides, ball bearing slides and roller slides provide low-friction linear movement, 

ball bearing slides offer smooth precision motion along a single-axis linear design, aided by ball bearings 

housed in the linear base, with self-lubrication properties that increase reliability. 

 

 

Figure 22: Roller guide illustration [9]. 

6.1.3. Circulation system:  

The circulation system is based on air compressor which will inject the drilling fluid used in the operation –

air- inside the drill string reaching the pneumatic motor that will be responsible on rotating the drill bit and 

simultaneously evacuating cuttings. The removed cuttings will reach the surafce through the annulus which is 

securely wrapped in a polyethyline material that will not only ensure a tight sealing but also playing a role of 

a surface stabilizer, cuttings will finally pass through a hose connected to the surface conductor pipe to 

eventually reach the pit. 
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Figure 23: Circulation system scheme. 

6.1.4. Control system:  

In order to minimize the spacing of the device, the control station has been integrated into the rig structure, a 

small table which brings together the display screens and HMI tools in a single part has been manufactured to 

ensure the device control and supervison during operation, at the same time allows fast intervention in the 

case of using the emergency stop button located in the electrical cabinet.  

 

Figure 24: 3D illustration shoing the control area that contains HMI equipment. 

6.1.4.1. Sensors mechanical installation: 

An autonomous mechanical device must contain certain sensors which help to measure the desired parameters 

that affect in the control system. Each sensor has to be implemented in the correct way that gives accurate 

feedback with high performance mesurment and clean data. 

The current device contains two types of sensors, surface sensors and downhole sensors, the present section  

shows the way in which the team performed its study to install and design the location of each type of sensors. 
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a) Load cell: 

The transmission of the vertical movement of the nut to a metallic plate which brings together all the drill 

string equipment is realized thanks to a weight cell (load cell), this sensor ensures the connection between the 

hoisting and the rotary systems, on the other hand it measures the real suspended weight during the drilling 

operation. The acquisition of the suspended weight can determine the weight applied on the drill bit (WOB). 

Type S load cell sensors measure the forces applied in its lower side then transform the result towards the 

weight unit. 

  

 

Figure 25: Load cell location. 

b) Downhole sensor housing:  

The main purpose of the sensor sub is to measure different parameters downhole while drilling. In order to 

achieve this the team had to design a versatile and well operating sensor sub that makes it easy to access the 

sensor and independent from the rest of the BHA, unlike last year where the BHA and the sensor could no 

longer be modified once they got attached to the drill pipe. 

In last year design the sensor sub was not as versatile and the sensor could not be accessed after it was placed, 

was a huge problem the team faced in the previous year, this year however the sensor sub is designed for easy 

access, by making it possible to open and close the sub without interacting with other downhole components 

one can do fast changes or repairs to the sensors if needed. 

As seen in the figure below the team made a10x3x20mm compartment in the housing (see Figure) with 

channels for the wires leading to surface. The purpose of these channels will be keep the wiring safe from the 

downhole environment making it easier to transmit data to surface without unwanted incidents like torn wires. 

The sub is positioned right behind the drill bit in order to make accurate near-bit measurements. The width 

will be 1 inch making slimmer than last year and much more versatile. 

The purpose of the sub is to house the Downhole position sensor the will measure Inclination, Azimuth and 

Well Trajectory, unlike last year a slip ring will not be needed for the wires as this time around the only piece 

of equipment that will be rotating is the drill bit. 
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Figure 26: Downhole sensor housing and downhole sensor seal. 

6.2. Directional BHA Design: 

To reach the objective of the current competition, the directional BHA must have a flexible and controllable 

mechanism which can respond to multiple functions in one time, such as:  

 The variation of the inclinasion angle. 

 The variation of the azimuth.  

 Bit rotation. 

 Downhole measurement and transmission. 

 Stabilization of the drill string. 

This section contains the 2020 BHA design, the description and the role of each element in the bottom hole 

assembly, several constraints and alternatives were taken into consideration during the design phase and could 

be improved during the construction phase, especially during the test period. 

The BHA is essentially composed of five sections, each one is designed to respond to the demanded functions 

in the system. To hit any target at different coordinates (X; Y; Z), all parts must be controlled continuously 

and checked automatically from the feedback data given by downhole sensors.   

The main BHA components as shown in the figure below are:  

 Sensor sub: represents the measurement section that contains the downhole sensors. 

 Electrical knuckle joint: composed from an electrical motor and specific knuckle joint. 

 BHA stabilizer: stabilization section. 

 Air motor: responsible for the bit rotation. 

 Drill bit: responsible for the penetration. 
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Figure 27: Directional BHA Design (dimensions are real compared to the Air Motor and to the Micro-

Bit proposed by the competion committee). 

a) Sensor sub:  

The BHA is composed from two parts, a fixed part which contain the sensor sub,  and movable part which 

will be responsible for the drill bit orientation and will be controlled by a downhole electrical motor. The 

sesnor sub is located in the fixed part ( upper part ) which will follow the target drilled and allows the downhole 

sensors to meusre the angle of inclination builded which is the same angle of the drill pipe inclination.  
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Figure 28: Tilt angle. 

b) Electrical knuckle joint:  

Among the challenges of this year is to find a workable method to control and adjust the angle of the inclination 

automatically during drilling, this function requires the installation of a controllable actuator which can be 

plugged in with the whole system.  

The idea is to make an electrical knuckle joint equiped with a downhole electrical motor, one of the problems 

was the choice of an electric motor with small dimensions which can be installed and adapted to the knuckle 

joint and at the same time offer sufficient torque to rotate the assembly (drill bit + air motor) in order to build 

the required inclination angle. For this reason the motor selection was from MAXON, which offers a wide 

range of brushless EC flat motors, finaly the motor could be installed in the proposed knuckle joint.  

The idea of the knuckle joint design is based on a perforated cylindrical joint, the air nozzle has been removed 

from the center to free up more space for the elecreic motor. This element is composed of three parts, an upper 

part which is fixed to upper drill srting assembly ( drill pipe; sensor sub; upper connexions ) and  used to fix 

the electrical motor.  

The connection between the brushless motor and the lower part of the BHA ( drill bit + air motor ) is ensured 

through the assembly of the 2mm motor shaft with the lateral center of the cylindrical joint as shown in the 

figure below. The rotation of the motor shaft will guide the lower BHA part and build the inclination angle as 

showen the figure below. 
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Figure 29: 3D illustraion of the electrical knuckle joint mechanism, the BHA is composed from a fixed 

part and movable part, the electrical motor is the responsible of the lower part control.  

One of the mechanical considerations of the knuckle joint is the brake, infortunately with small dimensions, 

the selected motor does not contain a brake, for this reason, two mechanical limits have been added in both 

sides of the knukle joint to limit the angle of the BHA in the range between 0 ° and 15 ° as a maximum value 

as showen in the figure below. 

The team first thought to implement a cylindrical magnetic pieces in both sides, this technique has been 

temporarily eliminated until the test phase, the BHA will first be printed in 3D printer to confirm its 

functionality then the team will decide the use this method. 

 

Figure 30: Knuckle joint mechanism scheme.  

As the system has a pneumatic down hole motor, it was necessary to take into consideration the canalization 

of the injected fluid, the diameter of the pipe varies according to the knuckle joint geometry. 

  

Figure 31: Knuckle joint fluid canalization. 
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The selected electric motor is a brushless EC flat from MAXON, and has the following characteristics 

shown in the table above [10]. 

 

 

Figure 32: EC 20 flat Ø20 mm, brushless, 3 Watt, sensorless from MAXON [10]. 

The downhole electrical motor will be controlled by the following servo-controlled from the same company. 

  

Figure 33: ESCON 36/3 EC, servo-controller 4 Q, from MAXON [10]. 

c) BHA stabilizer:  

A spiral bottom stabilizer has been designed for the cutting evacuation and used to ensure the connection 

between the down hole air motot and the electrical knuckle joint. 

 

 Figure 34: BHA stabilizer illustration. 

d) Down hole air motor: 

An air motor from DEPRAG [6] will be the responsible for the bit rotation, more details are shown in the 

rotary system part. 

 

 

 

 



                                                                                                                                                                 2020 Competition 

47 
 

e) Drill bit: 

A micro-bit of 1.5" in (38.1 mm) diameter and 2.0” in total length will be provided by the competiton 

committee. The 2020 drill bit will be with low axial aggressiveness and high side aggressiveness (i.e. high bit 

anisotropy) suitable for drilling a deviated well.  

Currently the team is in the process of designing a new drill bit which suits the requirements of the committee 

as mentioned in the 2020 guidline, this tool will be manufactured by a national sponsor specialized in drill bits 

manufacturing and will be used in the test phase before the final test. 

 

  

Figure 35: Primary design of the drill bit for the test phase.  

 

6.3. Other equipment and notes:  
 

a) Drill pipe: 

An aluminium drill pipe of the alloy 6061-T6 with the same dimensions as last year will be used. The drill 

pipe has an outer diameter of 3/8”, a wall thickness of 0.049” and should be 3’ in length. A theoretical study 

on the performance of the drill pipe is well explained in the design consideration section. 

b) Tool joint: 

The team is going to use the same connection of the last year proposed in the guidelines.  

 

 

Figure 36: Drill pipe connections (picture taken from guidelines). 
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c) Technology behind the Azimuth autonomous orientation: 

Thanks to the encodor technology, the change of the azimuth angle will be effected by controlling the top 

drive servo motor, the zero angle will be oriented towards the north of the rock sample where the donwhole 

sensor will take the north as a landmark (0°).  

 

 
Figure 37: Illustration from the top of the TD servo motro showing how to change the azimuth using 

the encoder technolgy of the servo motor. 

6.4.   Theoretical background: 
 

a) Cutting slip velocity, annular velocity 

Of the many functions that are performed by the drilling fluid, the most important is to transport cuttings from 

the bit up to the annulus to the surface, if cuttings cannot be removed from the wellbore drilling cannot proceed 

for long. Since the early 1980s, cuttings transport studies have focused on inclined wellbores. And an extensive 

body of literature on both experimental and modeling work has developed. The earliest analytical studies of 

cutting transport considered the fall of particles in a stagnant fluid. Most start with the relation developed by 

Stokes (1845) for creeping flow around a spherical particle [11]. 

𝐹𝑑 = 3 𝜋 𝜇 𝑑𝑠𝑣𝑠𝑙                    (27) 

Where is the μ newtonian viscosity of the fluid, Pa-s, ds is the particle diameter in (m), Vsl is the particle slip 

velocity in (m/s) and Fd is the total drag force on the particle in (N). 

When the Stokes drag is equated to the buoyanr weight of the particle W, [11] 

𝑊 = 
𝜋

6
 (𝜌𝑠 − 𝜌𝑓)𝑔 𝑑𝑠

2
        (28) 

Then the Slip velocity is given by [11] 
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𝑣𝑠𝑙 = 
𝑑𝑠

2𝑔 (𝜌𝑠−𝜌𝑓)

18𝜇
                   (29) 

Where 𝜌𝑠  is the solid density in (Kg/m3), 𝜌𝑓 is the fluid density in (Kg/m3), g is the acceleration of gravity 

(m/s2). 

For turbulent slip velocities, the drag force is given by  

𝐹𝑑 =
𝜋

8
 𝑓 𝜌𝑓𝑣𝑠𝑙

2𝑑𝑠               (30) 

Where f is an empirically determined friction factor; the friction factor is a function of the particule Reynolds 

number and the shape of the particle given by ψ, the sphericity, Table gives the sphericity of various particle 

shapes 

The particle slip velocity for turbulent flow is given by [11] 

𝑣𝑠𝑙 = 
2

3
√

3𝑔𝑑𝑠(𝜌𝑠−𝜌𝑓)

𝑓𝜌𝑓
             (31) 

 

If we define a laminar friction factor, f= 24/Rep then Equation (31) is valid for all Reynolds numbers, where  

𝑁𝑅𝑒 = 
𝜌𝑣𝑠𝑙𝑑

𝜇
                           (32) 

Injecting Rep in Eq yields to [11] 

𝑣𝑠𝑙 = √
4𝑔𝜇(𝜌𝑠−𝜌𝑓)

3𝜌𝑓

3
                 (33) 

Dividing Vsl on 0.5 yields to giving the annular velocity needed to determine the Volumetric air flow rate to 

safely evacuate cuttings. 

𝑣𝑎𝑛𝑛 =
𝑣𝑠𝑙

0.5
                              (34) 

𝑄𝑣 = 𝑣𝑎𝑛𝑛 × 𝑆𝑎𝑛𝑛                  (35) 

𝑆𝑎𝑛𝑛 = 
𝜋

4
(𝑑ℎ

2 − 𝑑𝑝
2)           (36) 

Data and Results 

Available information Value 

Acceleration of gravity (m/s2) 9.81 

Air dynamic viscosity [12](Pa-s) 0.0000185 

Air density [13] (Kg/m3) 1.225 
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Rock density (Sandstone) [14] (Kg/m3) 2630 

Cutting slip velocity (m/s) 0.80 

Annular velocity (m/s) 1.60 

Volumetric flowrate (l/min) 102 

Cross sectional area (m2) 1.06×10-3 

 

b) Drilling fluid Pressure losses 

In order to visualize the effect of contact surface variations on the primary injection pressure of the drilling 

fluid, one would take into consideration the effect of the pressure losses occurring whilst the fluid is in 

movement. 

Reynolds number 

By definition Reynolds number equals to 

𝑁𝑅𝑒 = 
𝜌𝑣𝑑

𝜇
                       (37) 

Where ρ is the drilling fluid specific weight in Kg/m3, v is the drilling fluid velocity in (m/s), d is the diameter 

where the fluid is in movement in (m), and μ is the dynamic viscosity in (Pa-s). 

Turbulent and laminar flow rates 

According to Reynolds number values, range of flow rates can be defined: 

For Reynolds numbers below 2000 the flow is laminar; 

For Reynolds numbers between 2000 and 100000, the flow is transitory; 

For Reynolds number above 100000, the flow is turbulent. 

Based on both Colebrook and Fanning Equations, the simplified Blasius approximation for moderate Reynolds 

and higher Reynolds number is: [11] 

∆𝑃 = 
0.1582 𝜌0.75𝑣1.75𝜇0.25

𝑑1.25
      (38) 

Where ρ is the drilling fluid specific weight in Kg/m3, v is the drilling fluid velocity in (m/s), d is the diameter 

where the fluid is in movement in (m), and μ is the dynamic viscosity in (Pa-s). 

Calculations were conducted through the hose, the drill pipe, the BHA nozzles, the Bit nozzles and the annulus 

into which needed data are given in the table below.  

Note the continuity equation was used in calculations [15] 

𝑆1𝑣1 = 𝑆2𝑣2                       (39) 
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Pressure drop through the BHA and Bit [1] only was calculated by Equation (40) 

∆𝑃 = 
𝑑 𝑄2

2959.41 𝐶2𝐴2                (40) 

Where d is the drilling fluid specific weight in (Kg/l), Q is the volumetric flow rate in (l/min), C is the discharge 

coefficient (0.95) and A is the Total flow area in (in2). 

Results and data are summarized in the table below. 

Parts of the system Value 

Hose Length (m) 3 

Inner Diameter (in) 0.25 

Drill pipe Length (m) 0.9 

Inner Diameter (in) 0.277 

BHA 

nozzle (4) 

Diameter 2 

Total Flow area (in2) 1.94 

Bit nozzle 

(1) 

Diameter 2 

Total Flow area (in2) 0.48 

Annulus Length (m) 0.6 

Hydraulic diameter (in) 1.125 

 

Air density ( Kg/m3) 1.225 

Air dynamic viscosity (Pa-s) 0.0000185 

 

Parts of the system Reynolds numbers Drilling fluid 

velocity (m/s) 

Pressure drop (Pa) 

Hose 672.75 1.6 46 

Drill pipe 605.64 1.3 9 

BHA Nozzles --- 1.35 1 

Bit Nozzles --- 5.3 20.71 

Annulus 4824 2.55 5.30 
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c) Verifications: 

To ensure the results found in part are accurate and more reliable, a study is conducted in this part using the 

direct circulation methods used in on site air drilling defined by the minimum flow rate, basically the 

volumetric flow rate that passes through the annulus should at least possess a minimum of 3 lb/ft2 of kinetic 

energy. The borehole`s kinetic energy is given by equation (41) [16] 

𝐾𝐸𝑏ℎ = 
1

2
 𝜌𝑏ℎ𝑣𝑏ℎ

2   (41) 

Where 𝐾𝐸𝑏ℎ is the kinetic energy in lb/ft2 , 𝜌𝑏ℎ is the specific weight of gas at the exit of the bit in lb-sec2/ft4 

and 𝑣𝑏ℎ is the drilling fluid`s velocity in the borehole (annulus) in ft/sec. 

In order to carry out the derivation of the governing equations for direct circulation, the weight rate of flow of 

air to the well must be determined, the compressed air is provided by a compressor, the weight rate of flow 

through the circulating system is determined from the atmospheric pressure and atmospheric temperature at 

the compressor`s location. Following the same concept, one should determine the borehole pressure and 

temperature to determine the specific weight of the air at that location. Calculations are ordered as follows:  

𝛾𝑏ℎ = 
𝑃𝑏ℎ×𝑆𝑔

𝑅 ×𝑇𝑏ℎ
           (42) 

Where 𝛾𝑏ℎ is the specific weight of gas at the exit of the bit   in lb-sec2/ft4    𝑃𝑏ℎ is the borehole pressure in 

lb/ft2, R is the gas constant for API standard air (= 53.32 ft-lb/lb R), 𝑇𝑏ℎ is the borehole temperature in R and 

𝑆𝑔 is the specific gravity of gas (=1 for air standard conditions) [16]. 

𝑃𝑏ℎ =  √(𝑃𝑎𝑡
2 + 𝑏0𝑇𝑎𝑣

2)𝑒
2𝑎0𝐻

𝑇𝑎𝑣 − 𝑏0𝑇𝑎𝑣
2       (43) 

 

𝑎0 = 
𝑆𝑔

𝑅
(1 + 

𝑊𝑠

𝑊𝑔
)                                             (44) 

 

𝑏0 = 
𝑓

2𝑔 (𝐷ℎ−𝐷𝑝)
(

𝑅

𝑆𝑔
)
2

𝑊𝑔
2

(
𝜋

4
)
2
(𝐷ℎ

2−𝐷𝑝
2)

2
                (45) 

 

𝑊𝑠 =  
𝜋

4
𝐷ℎ

2 × 62.4 × 𝑆 ×
𝑅𝑂𝑃

3600
                         (46) 

 

𝑓 =  (
1

2 log(
𝐷ℎ−𝐷𝑝

𝑒𝑎𝑣
)+1.14

)

2

                                    (47) 

 

𝑒𝑎𝑣 = 
𝑒𝑜ℎ𝐷ℎ

2+ 𝑒𝑝𝐷𝑝
2

𝐷ℎ
2+𝐷𝑝

2                                              (48) 
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For smooth drill pipes 𝑒𝑝 = 0. 

𝑃𝑎𝑡 is the atmospheric pressure in (lb/ft2) 

𝑇𝑎𝑣 is the average temperature at the borehole in ( R ) 

𝑊𝑠 is the weight rate of the flow of rock cuttings solids in (lb/sec) 

𝑊𝑔 is weight rate of the flow of the gas in (lb/sec) 

𝑓 is the fanning friction factor – simplified by Von Karman. 

𝐷ℎ is hole diameter in (ft) 

𝐷𝑝 is pipe outer diameter (ft) 

𝑅𝑂𝑃 is the desired rate of penetration (ft/hr) 

𝑆 is the approximate average for specific gravity for sedimentary rocks = 2.7 

𝑒𝑎𝑣 is average absolute surface roughness of the annulus in (ft) 

𝑒𝑜ℎ is average absolute surface roughness of the hole (0.000015) in (ft) 

𝑒𝑝 is average absolute surface roughness of the pipe in (ft) 

In Normal calculation, a series of trial and error needed to be conducted by API volumetric flow rate Standards 

[16]. We focus on witnessing the results when we use a volumetric flow rate of 102 l/min (0.06 ft3/s)  as 

calculated in the section above. Pressure losses are estimated to not change much on the pressure at the exit 

of the bit, results are shown in the table below.  

Data and results: 

Parameter Value 

𝑃𝑎𝑡 2088.44 

𝑇𝑎𝑣 550 

𝛾𝑔 0.0753 

𝑊𝑔 0.00452 

𝐷ℎ 0.125 

𝐷𝑝 0.03125 

𝑆 2.7 

𝑅𝑂𝑃 12 

𝑊𝑠 0.0551 

𝑒𝑜ℎ 0.000015 

𝑒𝑝 0 

𝑒𝑎𝑣 0.0000014 

𝑓 0.00183 

𝑅 53.32 

𝑆𝑔 1.0 

𝑎0 0.24 

𝑏0 0.12 

𝑃𝑏ℎ 2090.27 

𝑣𝑏ℎ 2.55 
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𝜌𝑏ℎ 0.0022 

𝑔 32.2 

𝐾𝐸𝑏ℎ 0.07 
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7. Electrical System & Instrumentation: 
In this segment, the electrical system and instrumentation will be presented and described, this will all include 

the power distribution, the communication flow-chart, all the motors and their respective drives the 

compressor and of course the different sensors used. 

This portion will also include an analysis of last year design and new suggestions and improvements that are 

needed. 

7.1. System Overview: 

The miniature drilling rig works on a system that is made up of multiple hardware and software alongside 

some electronic components that allow the automated drilling to operate. 

7.2. Power Distribution:  

In the Figure below, a highly detailed distribution chart is displayed to present and illustrate how power will 

be dispensed and distributed between the different components. 

 
Figure 38: Power distribution. 
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a) Rotary Servo Motor:  

The servo motor used for this year will be the same as last year motor “SIMOTICS S-1FL6-1FL6” which has 

a power of 2 kW.  The motor works at the frequency of 50 Hz with the maximum rotational speed of 2000 

RPM, the maximal output torque for this servo motor is 9.55 Nm, thanks to using this servo motor the position 

of the string can be easily controlled accurately. 

b) Hoisting Servo Motor: 

The servo motor used in last years rig will be the same for this year “SIMOTICS S-1FL6” it has a maximum 

output power of 0.2 kW, the motor works at the frequency of 50 Hz with the maximum rotational speed of 

3000RPM, the maximal output torque for this servo motor is 0.64 Nm. 

c) Air Compressor:  

The air compressor used is a belaire single electrical compore, 60V capacity and 3.5 HP power. [17] 

7.3. Instrumentation:  

Rotary Servo Motor Drive: 

Just like last year, the top drive motor acts as the rotary system for the rig. The motors drive can provide 

information of the torque and the RPM and since the drill pipe is directly connected to the shaft of the motor 

these parameters relate directly to the torque and RPM of the drill pipe. The servo drive used is a SINAMICS 

V90, with PROFINET, the output values of RPM and torque are fed into the drive in the form of voltage that 

controls the frequency and current for the motor to control the specified values of torque and RPM. 

Hoisting Servo Motor Drive: 

The responsible for hoisting the drill string up and down will be the hoisting servo motor, and with this it’s 

able to provide measurements to the position of the drill string. The drive used is a SINAMICS V90, with 

PROFINET, thanks to the sensor implemented the motor now is able to give measurements of the torque that 

is applied to the ball screw, it is also able to estimate the position of the of the drill string through the rotation 

of  motor. 

   7.3.1. Surface sensors: 

 Load Cell: 

The weight on bit (WOB) is an important parameter that has to be measured continuously during the drilling 

operation. The WOB on the drill sting is provided and measured by load cell. In order for team to control the 

torque an accurate measurement of the WOB must be provided seeing how the torque provided by the top 

drive motor is directly related to the WOB, so accurate measuring and controlling of this parameter is essential. 

The load cell the team is using is the same as last year The S-shaped S9M load cell, shown in the Figure 

down below. S-Type load cells are low-cost and high performance side mounted load cells suitable for a 

number of weighing and general force measurement applications. Measures tensile and compressive forces 

and can be used for a wide variety of static and dynamic measurement applications. 

 



                                                                                                                                                                 2020 Competition 

57 
 

 

Figure 39: The S-shaped S9M load cell 

   7.3.2. Downhole Sensors: 

In this segment below the downhole sensor will be presented alongside the design consideration for the sensor 

housing in the BHA, it will also contain information about the wiring and communications and the method of 

calibration of the sensors. 

   7.3.2.1. Design Specifications: 

 The down hole sensors was chosen to meet the following needs: 

 Ability to measure azimuth and inclination  

 Ability to measure vibrations  

 Ability to measure angular velocity  

 Preferred dimensions less than (15x25x3) mm (w*l*t) 

 

   7.3.2.2. New and Old Downhole Sensor Used 

 Old Sensor: 

Last year the sensor used was the MPU6050 a sensor with this sensor had a 3-axis gyroscope, 3-axis 

accelerometer and a 3-axis thermometer it had the right dimensions 15x25x3mm this sensor perfect for last 

year’s competition  

 

Figure 40: MPU6050 

 New Sensor: 

This year the team decided to change things up and go with ICM-20948 9-axis motion tracking device from 

TDK InvenSense [18] shown in the figure below. This inertial measurement unit (IMU) includes a 3-axis 

gyroscope, 3-axis accelerometer and a 3-axis compass (magnetometer). With this IMU, the team will be able 

to measure azimuth, inclination, angular velocity and angular accelerations (vibrations). The detailed 
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specification for the ICM-20948 is found in the data sheet. The new added feature in this sensor is the addition 

of a compass (magnetometer) this will be able to give us a heading in the North, South, East and west planes. 

By combing all this information it will be able to tell us how exactly an object is moving in space.  

 

Figure 41: SparkFun 9DoF IMU Breakout - ICM-20948 

The information that we can get from an ICM-20948 is: yaw angle, pitch angle, and roll angle.  

 

Figure 42: Pitch, roll, yaw orientations. 

The team is also considering using the new generation of the MPU sensor the MPU9250 since it includes the 

same 9DoF Motion tracking. The team will decide after testing both sensors and seeing what fit their needs 

best [18]. 

7.3.3. Top-Side-Down-Hole Communication: 

The downhole sensor will programmed with the Arduino Uno board, the sensor just like last year will be 

sending all the data to the Arduino and the latter will be connected to the UDDO X86. This connection will 

be via wires that connect the downhole sensor to the Arduino and then a USB cable is used to connect the 

Arduino board to the PC, last year the team did a great job to prevent winding of the wire while drilling by 

adding a connection point the electrical swivel, in his year the team may not need to add that connection since 

the rotation will be transmitted directly to the drill bit but if cable problems are encountered during the tests 

the a slip ring is always there as an option. 

Wireless communication was always considered by the team as an option since last year by using a radio 

frequency (RF) with a downhole transmitter and a receiver, the problem and main issue with idea is the 

placement of the transmitter and the stuff that surrounds it such as steel and rock and that all will interfere 

with the transmitted signal. So we can summarize the problems into two: 
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 There is a possibility of compromised data quality 

 Will require more space in the BHA with the RF transmitter and a battery pack 

7.3.4. Wiring and connectors: 

Just like last year when choosing the cables connectors we needed connectors that were able to withstand more 

robust against axial force and have a better seal. Since the team will be using air this year to drill to replace 

water unlike water waterproof wires is not a concern, the team will choose a connector design basing on two 

factors, a connector that aids easy installation and one that can withstand axial forces and wont disconnect 

easily.  

7.3.5. Calibration: 

There are two sensors which have to be calibrated in our design; we have our load cell and our downhole 

sensor 

 Load cell Calibration: 

 The load cell must only be calibrated once when it is first utilized, how this is done is by determining what is 

known as a calibration factor which will be used and a reference point in the main code, the factor is 

determined by placing on your load cell an object that has its weight known, you then open up the calibration 

code provided for the Arduino and begin to adjust the weight plotted to the right weight, once you achieve 

this a calibration factor will be plotted just beside the weight. Each load cell will have its own calibration 

factor.    

 

Figure 43: Plotted reading alongside the Calibration factor. 

Downhole Sensor Calibration:  

In the beginning of our drilling all 3 of the following must be calibrated the magnetometer, gyroscope, and 

accelerometer. Both the accelerometer and the gyroscope are simple to calibrate, we take a number of repeated 

sensor measurements over time we can determine the standard, or average, deviation from zero over time. 
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This offset can then be subtracted from future measurements to correct them. As for the magnetometer, the 

method is presented below. 

 

 Magnetometer: 

Magnetometers are used to measure the strength of a magnetic field. They can also be used to determine 

orientation and to compensate gyro drift. Magnetometer provides the last three degrees of freedom in 9DOF 

sensors. The problem though is that magnetometers are prone to distortion. 

The magnetic field used for determining the heading is the earth’s magnetic field. In addition to earth’s, there 

are additional magnetic fields which cause interference. 

Hard iron distortion: 

Interference can be caused by ferromagnetic material or equipment in the magnetometers vicinity. If the 

magnetic field is permanent it is called "hard iron". Good thing about hard iron bias is that it can be easily 

corrected. Hard iron distortion is always additive to the to the earth's magnetic field. In other words sensor 

reading can be corrected ie. Unbiased by simply removing the offset. Pseudocode for removing the offset 

would be something like the following. 

 

offset_x = (max(x) + min(x)) / 2 

offset_y = (max(y) + min(y)) / 2 

offset_z = (max(z) + min(z)) / 2 

 

corrected_x = sensor_x - offset_x 

corrected_y = sensor_y - offset_y 

corrected_z = sensor_z - offset_z 

 

Figure 44: Pseudocode for removing the offset [19] 

Soft iron distortion: 

Soft iron distortion is the result of material that distorts a magnetic field but does not necessarily generate a 

magnetic field itself. For example iron (the metal) will generate a distortion but this distortion is dependent 

upon the orientation of the material relative to the magnetometer. Unlike hard iron distortion, soft iron 

distortion cannot be removed by simply removing the constant offset. Correcting soft iron distortion is usually 

more computation expensive and involves 3x3 transformation matrix. 
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avg_delta_x = (max(x) - min(x)) / 2 

avg_delta_y = (max(y) - min(y)) / 2 

avg_delta_z = (max(z) - min(z)) / 2 

 

avg_delta = (avg_delta_x + avg_delta_y + avg_delta_z) / 3 

 

scale_x = avg_delta / avg_delta_x 

scale_y = avg_delta / avg_delta_y 

scale_z = avg_delta / avg_delta_z 

 

corrected_x = (sensor_x - offset_x) * scale_x 

corrected_y = (sensor_y - offset_y) * scale_y 

corrected_z = (sensor_z - offset_z) * scale_z 

Figure 45: Pseudo code for general magnetometer calibration using bias offset and scaled bias 

correction [19] 

7.4. Power consumption: 

The power needed to supply the rig will be provided by main electrical power supply in the workshop. The 

main components that would use most of the power are; air compressor, top drive motor and hoisting motor 

(ball screw). 

a) Top Drive Servo Motor: 

The main objective of the Top Drive motor is to provide rotation to the drill stem as well as torque necessary 

to drill the formation. The power consumed by the motor is due to the rotation and torque it provides as given 

by: 

𝑃 =
𝑇𝜔

η
          (49) 

𝜔 =
2𝜋𝑁

60
        (50) 

Where T is the torque (Nm) provided by the motor, ω is the angular velocity and N is the revolutions per 

minute (RPM) delivered by the motor to the drill string. 

The Maximum window for the motor is limited to 2000 rpm and 15 Nm of torque, at maximum torque and 

RPM the motors power consumption is estimated to be 2kW, so depending on the RPM and torque 

implemented the consumption will be less. 

b) Hoisting Servo Motor: 

The hoisting motor is the one responsible for the up and down movement of our drill string (moving the Top 

Drive motor support), the system here uses a ball screw mechanism to convert the rotational motion provided 

by the hoisting motor into linear (vertical) motion. The torque applied by the hoisting motor is directly related 

to the lead of ball screws, the torque provided by the hoisting motor is given by equation: 

𝑇 =
𝐹.𝑙

2𝜋 𝐵𝑆
       (51) 
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where, F (N) is the force (axial load) acting on the ball screws, l (m) is the ball screws lead and εBS is the ball 

screw and hoisting motor efficiency factor which was set as 0.90. 

The total force F acting on the ball screw comes directly from the weight of the drillstring including the Top 

Drive Motor, the estimated weight of the Top Drive Motor is around 50 kg (490 N). The torque provided by 

the hoisting motor will be 0.64 Nm. 

The maximum RPM for the Hoisting Motor is 3000 rpm, the estimated power consumption is 0.2kW. 

c) Air Compressor: 

The team this year changed up some things in the design of the rig to meet the necessary goals of this year, 

one of the major changes was using Air instead of water as a drilling fluid. This change was done for the 

purpose of using the air running through the system as a way to rotate the drill bit thanks to the help of the 

Pneumatic motor, the air compressor used has the following characteristics. 

d) Downhole Electrical Motor: 

In order for us to reach this year’s requirements and be able to drill a directional well it was necessary for the 

team to find a way to make this possible, this is where the downhole electrical motor was introduced and 

integrated in the BHA. This electrical motor will be responsible for controlling the inclination angle by rotating 

left or right and changing the angle of the bit. The electrical motor chosen will capable of providing 9710 

RPM and torque of 4.05 mNm [10]. The estimated power consumption of the motor 3W. 

e) Pneumatic Downhole Motor: 

After many hours of discussion between the team on how to go about tackling the direction drilling, the use 

of a pneumatic motor was the optimal solution seeing how this will provide the rotation force needed to rotate 

the drill bit only while keeping the rest to the drill stem static, the motor chosen has the following 

specifications.   

f) Computer: 

The Computer or operating system used to control the entire equipment is an Udoo x86 Ultra the most 

powerful maker board ever and an Arduino™ 101-compatible platform, all embedded on the same board. The 

maximum power consumption of the computer is 550 W. Since, computer is only be used for the control 

system, the power consumption is expected to be around 100 W.   

Device Voltage Current Estimated Single or 

Three φ 
HP Watts 

Top Drive Servo 

Motor 

400 AC 2.68 2000 Three 

Hoisting Servo Motor 230 AC 0.26 200 Three 

Air Compressor 230 AC 3.5 2600 Three 

Electrical Downhole 

Motor 

9 AC 0.004 3 Three 

Computer 220 DC 0.75 550 Single 

Top Drive Servo 

Drive 

380-400 AC 0.26 200 Three 

Hoisting Servo Drive 210-240 AC 0.26 200 Three 

Total / / 7.76 5753 / 
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8. Control System:  
Before going through the control system main features, one has to go behind the technology and softwares 

that enable accurate controling of the system variable, mainly controllers. The following passage entails the 

most used controllers used in the industry along the team decision of what controller to use. 

a) PID controller 

Despite many advancements in control theory, PID controllers are the most used controllers in the industry. 

In practice PI controllers are more common because the derivative action is sensitive to measurement noise. 

The reasons for the wide spread use is because of its low complexity, low maintenance requirements and well 

established tuning methods. The basic idea of PID is a simple feedback mechanism comparing the system 

output with set points and minimize the error using three control parameters. The structure of PID control is 

shown in Figure 46. The main idea of the three terms in PID controller are discussed below. 

 

Figure 46: PID control system structure [20] 

P element: proportional to the error at the instant-reaction to the ‘current error’ letting the control effect take 

place as fast as possible and drive the error to the direction of optimization. Changing this term will affect the 

steady state error and the dynamic performance. 

I element: proportional to the integral of the error u to the instant, which can be interpreted as the accumulation 

of the past error. This term minimizes the steady state error and accelerates the movement of the process 

reaching the reference value. Change this term will affect the steady state error and system stability. 

D element: proportional to the derivative of the error at the instant, which can be interpreted as the prediction 

of the future error. This term improves the system stability and the speed of dynamic reaction. 

Tuning of PID parameters can be done intuitively by adjusting the parameters. A summary of the effect of 

parameters on the plant response is shown in table to assist in tuning process. A more conventional procedure 

called Ziegler-Nicholas (ZN) method is also available for tuning PID parameters. 

 

 

 

 



                                                                                                                                                                 2020 Competition 

64 
 

 

Parameter 

Increase 

Rise time  Overshoot Settling time SS error 

𝐾𝑝 Decreases Increases Small change Decreases 

𝐾𝑖 Decreases Increases Increases Decreases 

𝐾𝑑 Small change Decreases Decreases Small change 

PID tuning criteria 

b) Model Predictive Model: 

In this method, the plant model is first used to predict future responses (trajectory over a period of time) based 

on the future inputs and initial values. The control inputs and future errors between predicted and reference 

trajectories are sent in to an optimizer function to minimize the errors. A basic structure of the MPC scheme 

is shown below. 

 

Figure 47: MPC Control system structure. 

Overall performance of MPC is better than PID, because the MPC system predicts the state of the plant in 

operation. It has better control during dynamic changes, whereas the PID controller needs to be retuned online 

whenever the plant dynamics change. 

c) Other Advanced Controllers: 

There are other controller options to implement MPD like Model Reference Adaptive Control (MRAC). As 

the name suggests, a reference model is chose, to generate a desired trajectory and tracking error is computed. 

This mechanism uses two feedback loops whose parameters are changed based on the tracking error.  

Another latest controller being developed for MPD is L1 adaptive control. It is a modification of MRAC in 

that it incorporates a low-pass filter in the feedback loop. Implementation of L1 adaptive control to MPD was 

not studied and out of scope of this work. 

Each type of controller has its own advantages and limitations. For the purpose of simulation in this work, 

PID controller has been used owing to its low complexity and readily available tuning methods.  
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8.1. Optimization of ROP using MSE: 

Drilling Automation is the ‘control’ of drilling processes by computer instead of humans, therefore designing 

control system for the processes is key in automation. For automatic control of the rig, several control systems 

have been designed in this application. The most important one is the control system for ROP optimization. 

Rate of Penetration (ROP) depends on several factors such as Weight on Bit (WOB) which creates rock 

indentation higher WOB implies deeper indentation, Motor rotations per minute (RPM) which creates cutting 

length on the rock higher RPM implies more sliding distance, bit aggressiveness and rock strength among 

other non-linear effects. For a given bit type and a given formation, ROP can be optimized using WOB and 

RPM.  

The algorithm is developed based on the concept of Mechanical Specific Energy (MSE). The Mechanical 

Specific Energy (MSE) concept has been widely used to quantify the efficiency of the energy used to remove 

the volume of rocks in drilling operation. This concept was first suggested in 1965 by Teale [21] in The 

Concept of Specific Energy in Rock Drilling. However, it did not get much attention as it should in the 

academic research until ExxonMobil implemented MSE surveillance throughout the company worldwide in 

the early 2000. Since then, there has been several laboratory scale drilling experiments and industry 

application based on the MSE concept, and many successful cases has been reported. The concept of MSE 

has been used in the work by Noynaert as shown in his paper [22]. MSE can be mathematically expressed 

with total energy input and total rock volume removed as shown in Equation (52) 

 

𝑀𝑆𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡

𝑇𝑜𝑡𝑎𝑙 𝑅𝑜𝑐𝑘 𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑜𝑣𝑒𝑑
     (52) 

 

According to Teale, there is a distinctive correlation between the MSE and the strength of the rock. Not only 

that there is a positive correlation, but the MSE should equal to the rock strength if the drilling system is 

hundred percent efficient in just cutting the rock volume. Expanding the above equation, the MSE equation 

becomes 

 

𝑀𝑆𝐸 =  
(𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙)+𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑅𝑜𝑐𝑘 𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑜𝑣𝑒𝑑
      (53) 

 

Equation 53 can be expanded with WOB, RPM, Torque, ROP, and bit-diameter as shown below, 

 

𝑀𝑆𝐸 =  
4 ×𝑊𝑂𝐵 

𝐵𝑖𝑡𝐷𝑖𝑎2×𝜋
+ 

480×𝑇×𝑅𝑃𝑀

𝐵𝑖𝑡𝐷𝑖𝑎2×𝑅𝑂𝑃
      (54) 

 

Where MSE is the Mechanical specific energy in (psi), WOB is the weight on bit in (lbs), BitDia is the bit 

diameter in (in), T is the torque from rotation (ft.lbs), RPM is the rotation per minute and ROP is the rate of 

penetration. 

 

The importance of the MSE concept does not only lay in its physical meaning but the application of the 

surveillance program to optimize rock cutting efficiency. Simply put, ROP can be optimized by minimizing 

the MSE, which can be accomplished by varying the drilling parameters in real time through the surveillance 

program or having a modification to the existing engineering design to remove limiting factors prohibiting 

lower MSE realization.  

The control algorithm is based on the above formula. Using the parameters WOB & RPM, the system is 

designed to minimize MSE and thus improve ROP, The parameters are adjusted as long as the MSE value 

decreases or remains constant. The rate of penetration (ROP) should increase proportionately to increase in 

WOB and RPM. If the increase is not proportionate, it is an indication that bit is performing fine efficiently 

and that a dysfunction is present in the system.  
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Figure 48: Founder point theory. 

Beyond Point 2 (called founders point) in Figure (48), the bit is considered performing inefficiently. In our 

application, we have the control algorithm, based on the surveillance program, to automatically change 

variables to minimize the MSE in real time by eliminating possible dysfunctions. There are several types of 

dysfunctions that can occur down-hole, to the drill-string or to the drill-bit namely: 

a. Bit balling 

b. Bottom-hole balling  

c. Interfacial severity 

d. Whirl (Lateral Vibrations) 

 

e. Stick-slip (Torsional Vibrations) 

 

f. Axial Vibrations 
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Figure 49: Most common dysfunctions. 

The type of dysfunction can be diagnosed using MSE as shown in Figure 49 and corrective action 

corresponding to the dysfunction can be taken to optimize performance. Each of the dysfunctions is briefly 

explained below. For the miniature drilling system we are designing, some of the dysfunctions may not be 

significant and can be ignored in the control algorithm at this point of time. The applicability of the dysfunction 

to our current application is also described below. 

 

a) Bit balling: 

 

It is the accumulation of material on the face of the cutting structure that interferes with Depth of Cut (DOC) 

when weight is applied. The material carries a portion of the WOB so that the load on the cutter tips is reduce 

so DOC is reduced. As material is compacted it builds compressive strength and is able to carry some of the 

bit load, which reduced DOC. Balling then occurs in degrees and effects ROP in degrees. MSE tells us the 

severity of the effect on DOC, torque and ROP. It should be noted that Balling is not simply material stuck to 

the bit. It must be material on the cutter itself that is strong enough to interfere with depth of cut. 

 

b) Bottom hole balling: 

This usually occurs when the hydrostatic head is very high and in deep impermeable rock (shale). Bottom-

hole balling is observed when the rock cuttings accumulate and form a layer at the bottom. BHB results in a 

very high MSE value and ROP becomes unresponsive to WOB. 

 

c) Interfacial severity: 

When a hard material is encountered in the formation, bit force is concentrated on the bit cutter in contact with 

the hard material causing bit damage. In uniform rock, the load per area on the cutter face equals the rock 

compressive strength. But if a formation includes very high strength material, high point loading occurs at the 

contact points with the cutter. 
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d) Whirl: 

  

When the bit is rotated using the drill string, any imbalance tends to cause the BHA to ex and develop a sine 

wave resulting in lateral vibrations. The wave may rotate with the string in a jump rope action, or it may 

oscillate across the hole. This lateral movement of the string of center is referred to as whirl. 

 

e) Stick Slip: 

 

The torque due to motor rotating the drill pipe generates bit torque and drag causing the drill string to twist 

and turn. Stickslip is a resonant-period torsional oscillation in the drill string. While the RPM at the surface is 

constant, the bit is speeding up and slowing down as the string winds and unwinds. If the amplitude is small, 

this is called an oscillation. If the swing in speed is so great the bit comes to a full stop during the backward 

motion, it is call full stickslip. 

It is important to know the type of dysfunction occurring down-hole to take a necessary corresponding 

corrective action to improve performance. MSE surveillance is an efficient method for determining drilling 

performance. As discussed in previous section, MSE quantifies the work or energy being used per volume of 

rock drilled. Therefore, whenever an increase in MSE is observed, it means that more energy is required to 

drill the same volume of rock and this implies that the bit is not perfectly efficient. A dysfunction has occurred 

and by knowing the type of dysfunction, a corrective action corresponding to the dysfunction (as explained in 

this section for each type of dysfunction) can be taken that makes the MSE go down. The below table 

summarizes the dysfunction type and corrective actions needed to be taken on WOB and RPM. A more general 

description of diagnosis and driller's response for dysfunctions is provided in Table 

  

 

Dysfunction Concern? WOB RPM 

Whirl Yes Increase Decrease 

Stick slip Yes Decrease Increase 

Bit Balling No Decrease Increase 

Bottom hole balling No  - Increase 

Interfacial severity Maybe Decrease - 

                                                                                                                                                                  

Table: Summary of driller's response for dysfunctions and applicability. 

8.2. Drilling control: 

In this section the team will present consideration on how they will control the system and the different features 

that are included. The challenge for the team this year is solving the directional drilling problem this includes 

the position monitoring and control. This segment will go through the different methods proposed to control 

the drilling process through the different control modes. 

 System Description 

When describing the system in a control point of view one must return and see the design considerations made 

in the mechanical sections, after taking a look one will notice that there are 6 main functions. 
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  Rig Main Functions: 

 Hoist up/down 

 Rotate drill string  

 Pump Air out of drill bit  

 Rotate drill bit - new function 2020  

 Rotation of downhole electrical motor - new function 2020 

 Orient tool face - new function 2020  

 

 Control Objective 

In this year edition of the competition the main goal is to hit certain coordinates given by the committee the 

day of the competition while preforming the directional drilling and this is after a 4 inch piolet hole is drilled 

first, the rig must be controlled autonomously and this process must all be don’t automatically, both topside 

and downhole sensors must be included in the main control loop. The system needs to control the position of 

the tool face in a 3-dimensions alongside taking the WOB and the Torque of all three motors into 

consideration. 

The team decided to go with five different controllers. 

 WOB controller   

 TD Drive Torque controller 

 Electric Motor Torque controller 

 Pneumatic motor Torque controller  

 Position controller   

In last year’s control the time used the WOB and Top Drive Motor Torque controller and not much will change 

with those the main challenge this time around is in the position controller which will be discussed later. 

 Closed Loop System 

A closed loop was defined and sketched by the team regarding how the control system will work. 

 

Figure 50: Planned control system block diagram. 
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One has to state the different inputs, outputs and variables that submit to a closed loop control, these are 

denoted, I, o, u respectively. 

 

𝑖 = [

𝑇𝑒𝑚

𝜔𝑡𝑑
𝜔ℎ𝑚

𝜔𝑎𝑐

]  𝑜 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

φ
φ̇
φ̈

𝑇𝑒𝑚

𝑇𝑝𝑚

𝜔𝑝𝑚

𝑇𝑡𝑑

𝜔𝑡𝑑

𝑋𝑡𝑑

𝑇ℎ𝑚
𝜔ℎ𝑚

𝑋ℎ𝑚

𝑇𝑎𝑐

𝜔𝑎𝑐

𝑃𝑎𝑐

𝑊𝑂𝐵
𝑓𝑎𝑥 ]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 𝑢 =

[
 
 
 
 
 
 

𝑥𝐼𝑏

𝑦𝐼𝑏
𝑧𝐼𝑏

𝑇𝑡𝑑

𝑇𝑎𝑐

𝑊𝑂𝐵
𝑇𝑒𝑚 ]

 
 
 
 
 
 

 

 

Where [𝑥𝐼𝑏𝑦𝐼𝑏𝑧𝐼𝑏] is the bit position in the inertial frame. And  other notations are:  

 

Variable (i) Name  

Electrical motor torque 𝑇𝑒𝑚 

TD torque 𝜔𝑡𝑑 

Hoisting motor RPM  𝜔ℎ𝑚 

Air compressor RPM 𝜔𝑎𝑐 

  

 

Variable (o) Name  

Tool face orientation φ =  [∅, 𝛾, 𝜃] 

Tool face velocity φ̇ =  [∅, 𝛾, 𝜃] 

Tool face acceleration φ̈ = [∅, 𝛾, 𝜃] 

Electrical motor torque 𝑇𝑒𝑚 

Pneumatic motor torque  𝑇𝑝𝑚 

Pneumatic motor RPM 𝜔𝑝𝑚 

TD torque  𝑇𝑡𝑑 

TD RPM 𝜔𝑡𝑑 

TD position 𝑋𝑡𝑑 

HM torque 𝑇ℎ𝑚 

HM RPM 𝜔ℎ𝑚 

HM position 𝑋ℎ𝑚 

AC torque 𝑇𝑎𝑐 
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AC RPM 𝜔𝑎𝑐 

AC pressure 𝑃𝑎𝑐 

WOB 𝑊𝑂𝐵 

Axial vibration 𝑓𝑎𝑥 

 

 

The input vector u will be the only variables our controllers can manipulate to change output measurements 

or to eliminate setpoint errors. The output vector y includes all measured states in the system. Some of the 

states will be used in a closed loop, others will have follow some logics when sudden events happen that were 

briefly explained in section 8.1. 

The main idea is to use PID-controllers to correct for the error on our measurements compared with the chosen 

set points. Relevant measurements will be filtered in the feedback to remove noise and disturbance. Boolean 

logic will observe the output measurements and activate functions if thresholds get exceeded. Such functions 

can be to terminate the script, switch operation mode or choose new set points. The closed loop will be 

programmed in MatLab. 

      8.2.1. Measurement filtering: 

From last years’ experience the team expects high-frequency noise on important measurements signals, such 

as WOB and IMU-measurements. These High-frequency noises must be filtered in ordered to get clean data 

from the sensors. The filters used are stated below. 

a) Third-order Butterworth filter:  

This filter will be used to filter out noise on the WOB and TD torque measurements. This is a flat magnitude 

low pass filter with a transition band of -60 dB/dec. [23] 

For the continuous-time transfer function, we have 

 

H(s)  =   
 1

τ 3𝑠3 + 2τ 2𝑠2 + 2τs + 1
       (55) 

 

Where the transfer function on discretized form by using the bilinear transform becomes 

𝐻𝑑(𝑧) =
1

𝜏3(
2𝑧−1

𝑇𝑧+1
)3+2𝜏2(

2𝑧−1

𝑇𝑧+1
)2+2𝜏(

2𝑧−1

𝑇𝑧+1
)+1

       (56) 

The team will use this filter on some of the measurements and tune it for the new setup in the implementation 

phase. 

b) Discrete time Kalman filter: 

For the team to correct the position of the drill bit, measurements of the position must be sent from the IMU 

downhole sensor and fed in to the system to correct deviations from the planned trajectory. The team expects 

high-frequency noise on the measurement from multiple sources. During drilling, the IMU located downhole 

can be exposed to vibrations, noise from the air bypassing, electrical noise in the wires, and magnetic 

disturbance from equipment/components. A way to solve this is by implementing a discrete time Kalman 

filter, a Kalman filter is an optimal estimation algorithm that helps us find the best estimation of our state 

based on the inputs and outputs in our system. By implementing a well-tuned Kalman filter, the reward is a 
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precise and noise-filtered estimation of the original state that is way better suited as feedback to the PID 

controller.  

 

      8.2.2. Steering options: 

From reading the team’s mechanical and electrical design the suggested way of steering the directional tool 

using a bend sub is as follows: 

• Drill straight by rotating drill pipe using the top drive.  

• Build angle by rotating Electrical Motor.  

• Orient tool face by orienting the position of TD servomotor.  

• Manipulate angle-build-rate by adjusting set points for WOB and torque. 

These steering options are the best way the team can have full control of the drill string downhole, the problems 

the team might face are perturbations concerning the angle of the electrical motor and that depends on the 

different formation being drilled. 

WOB and Torque Controller:  

In this section, the team will go in depth on how the WOB and Torque controllers work. Just like last year 

these controllers were used and only some modification will be made to suit this year’s goal as for the new 

controller being introduced this time around the position controller will be made from scratch. A common 

process within all these controllers is that that they will use a state feedback PID controller to eliminate the 

current state error in order to choose the correct set point for the RPM input to the relevant motor.   

a) WOB Controller: 

The main goal for this controller is to eliminate the error between the chosen WOB SP and the measured WOB 

from the load cell. This is done by sending the error through the PID controller that calculates a new SP for 

the hoisting motor RPM. The closed loop is then achieved by having the load cell take measurements again, 

filtering them and then passing them through the controller. The TD RPM is in this control mode not controlled 

and is therefore set to a constant value. An overview can be seen down below. 

 

 

Figure 51: WOB controller 
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b) TD Torque controller:   

The main goal of TD Torque controller and main working principle is quite similar to the WOB controller. 

The difference here is the number of inputs each of the controllers require, the WOB controller required only 

the hoisting motor input to function whereas the torque in this case requires and is dependent on both top drive 

and hoisting motor inputs. . A RPM SP is given to the top drive which internally measures the torque. An error 

is calculated from the chosen torque SP and fed into PID controller, choosing a new RPM SP for the hoisting 

motor. The loop is closed by the top drive taking a new internal torque measurement and a new error is 

calculated. An overview can be seen down below. 

 

Figure 52: TD Torque controller. 

c) Pneumatic Motor RPM Controller:  

The main goal and working principle of this controller is ensure that the system provides the right amount of 

torque to our drill bit via the pneumatic motor responsible for rotating it. The flow meter will give us the 

measured flow rate and the current RPM will be deduced, a set point for the new RPM that will provide us 

with what set pint torque is chosen then fed to the PID controller and set point Torque will be chosen and fed 

to the Air Compressor. An overview can be seen down below. 

 

Figure 53: Flow control scheme. 

 

 

d) Inclination Controller: 

Like previous cntorllers, the inclination must also be controlled via a PID Controller, the objective is to control 

the inclination angle α of the BHA by controllig the downhole electical motor RPM. This is accomplished by 

feeding the error giving by the IMU donwhole sensor into a PID controller which calculates a new SP for the 

electrical motor RPM. The inclination is mesured contunously by the IMU sensor then will be filtred by the 

Kalaman filter befor being compared to the inclination SP. Once the error is calculated, the PID Controller 

will give a new RPM SP Out put to downhole elecrical motor in order to get a new correct α angle.   
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Figure 54: Inclination angle control scheme. 

 

e) Position Controller: 

Position control is the most important criteria in Drillbotics competition, how the system builds inclination 

and conserves it autonomously are the challenges the teams are facing and how to overcome and build a 

functional prototype are what the committee is looking for. Before diving in the method used by the team, an 

overview of the scientific literature has to be presented. First the team has reviewed the traceable analytical 

technique that has been devised for gaining insight into the directional performance of a wide range of drilling 

systems, the method is familiar to mechanical and electrical engineers alike, it employs Laplace transforms to 

establish a stable system –wellbore tortuosity, sensitivity to outputs..etc. The technique builds on the 

recognition that at the heart of all directional drilling systems resides a delay differential equation and this is 

fueling new interest in gaining a deeper insight to borehole propagation by analytical method. 

The second method reviewed is an improvement of directional drilling process by using an autonomous land 

vehicle (ALV) with a radio directional fining (RDF) system presented in the university paper of the national 

center university 2001 in Taiwan [24]. 

Lastly, the team reviewed the positioning techniques used in navigation, information presented in the 

handbook of position location were very valuable and drove the team to focus on creating a space of inertial 

and body frame coordinates, this was reinforced by NTNU positioning proposal used in Drillbotics 2019 and 

resulted on the team focusing on improving and reviewing the method used. 

Reference path: 

The first step to have an integrated position control is to define the equations that governs the process, basic 

mathematical formulas are derived to describe the reference trajectory to follow while drilling. 

The vertical projection of the reference path is defined by the radius of curvature 𝑅 and inclination 𝛼, each are 

given by the following equation respectively: 

𝑟 =
𝐻𝐷2+𝑧2

2 𝐻𝐷
      (57) 

𝛼 = sin−1 (
𝑧

𝑟
)  (58) 

Where HD is the horizontal displacement of the target, z is the target’s vertical depth defined by: 

𝑧  = 𝐿 − 𝑍𝐾𝑂𝑃 − 𝑍𝑡       (59) 

Where 𝐿 is the rock’s height, 𝑍𝐾𝑂𝑃 is the kick off point’s vertical depth, 𝑍𝑡 is the target’s real vertical depth 

defined by: 

𝑍𝑡  = 𝑍𝐾𝑂𝑃  + 𝑧      (60) 

The needed angle build rate 𝐵𝑈𝑅 can be calculated with respect to drilled depth. Using 
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𝑧𝑡(𝑡) = 𝑟𝛼(𝑡)     (61) 

Where 𝑧𝑡 is the arc length of the drilled trajectory along the reference path, the 𝐵𝑈𝑅 in unit [deg/cm] for both 

the arc length 𝑧𝑡 and the real vertical depth 𝑍𝑡 respectively then becomes 

𝐵𝑈𝑅 =  
𝛼

𝑧𝑡
       (62.a) 

𝐵𝑈𝑅 =  
𝛼

𝑍𝑡
       (62.b) 

And  

𝑧𝑡 = 
𝜋𝑟𝛼

180
     (63) 

Finally, the reference path for the optimal trajectory can be expressed in 3 dimensions with respect to the 

reference inclination: 

𝑍𝑡,𝑟𝑒𝑓 = [

𝑥𝑟

𝑦𝑟

𝑧𝑟

] =  [
𝑥0 + 𝑟(1 − cos 𝛼)

𝑦0

𝑧0 −  𝑟 sin 𝛼
]       (64) 

Where [𝑥0 𝑦𝑜 𝑧0] is the starting point of our body frame relative to the inertial frame, and 𝛼 is the target 

inclination. The placement of our coordinate frames will be further described in the next subsections 

Position equations: 

To estimate drill bit position in inertial frame, we will base on the hypothesis that speed will be constant in z 

axis of body frame. In this case, we suggest developing position expression using angle measurements with 

recurrent equation. If we consider that position variable is the integral function of speed one, using the 

trapezoidal approximation allows us to write 

𝑦𝑘+1 = 𝑦𝑘 + ℎ(�̇�𝑘 + �̇�𝑘−1)/2         (65) 

Where h is step integration and �̇�𝑘 and �̇�𝑘−1 are actual and previous speed measurements. 

Coordinate frame: 

We have two frames; the inertial frame I and the body frame b. The inertial frame is centered on the top of the 

rock sample, with the z-axis pointing down and the x-axis pointing in the north center-line (magnetic north). 

The body frame is centered on the downhole sensor, starting with the same orientation and position as the 

inertial frame before drilling. The body frame can rotate around all axis, represented with the rotation angles 

∅𝑥−𝑎𝑥𝑖𝑠, 𝛾𝑦−𝑎𝑥𝑖𝑠 𝑎𝑛𝑑 𝜃𝑧−𝑎𝑥𝑖𝑠. This is shown in figure (55). 
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Figure 55: Orientation of the inertial and body frame coordinates. 

 

While drilling, the body frame will follow the drill path with a linear offset to the drill bit. For simplicity, the 

body frame will represent the drill bit for now. 

Transformation of the body frame: 

In order to use the Euler equation to calculate the position for each time step, it’s necessary to orient the body 

frame by using the sensor measurements. The ROP will always move along 𝑧𝑏 since the body frame is fixed 

to the sensor, and that the 𝑧𝑏 -axis is parallel to the vertical force applied by the rig, transmitted through the 

drill string. The ROP in the inertial frame, however, will change based on the orientation of the bit (sensor), 

meaning we have to rotate the body frame back to the inertial frame to get correct readings of the ROP-rates 

in 3-dimensions. That is: 

𝑍𝑏𝑡 = [
0
0
�̇�𝑡

]       (66.a) 

�̇�𝐼𝑡 = [
�̇�𝐼

�̇�𝐼

�̇�𝐼

] =  𝑅𝐼𝑏𝑍𝑏𝑡     (66.b) 

 
Where 𝑧𝑏𝑡 is the ROP along the 𝑧𝑏-axis and 𝑅𝐼𝑏 is the rotation matrix from the inertial frame to the body 

frame. 𝑅𝐼𝑏 is given by 3 rotation matrices with respect to x-, y- and z- axis. It is important that these rotation 

matrices are multiplied in the correct order. That is, ROLL _ PITCH _ YAW, where these rotations are 𝑅𝑧, 

𝑅𝑦, and 𝑅𝑥, respectively.  This gives 

 

𝑅𝐼𝑏 = 𝑅𝐼 1,𝜃𝑅1 2,𝛾𝑅2 𝑏,∅ = [
cos 𝜃 − sin 𝜃 0
sin 𝜃 cos𝜃 0

0 0 1
] [

cos 𝛾 0 sin𝛾
0 1 0

− sin𝛾 0 cos 𝛾
] [

1 0 0
0 cos∅ − sin∅
0 sin∅ cos∅

]   (67.a) 
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= [

cos𝜃 cos 𝛾 − sin 𝜃 cos∅ + cos 𝜃 sin𝛾 sin∅ sin𝜃 sin∅ + cos𝜃 sin𝛾 cos∅
sin𝜃 cos𝛾 cos𝜃 cos∅ + sin 𝜃 sin 𝛾 sin∅ − cos𝜃 sin∅ + sin𝜃 sin𝛾 cos∅
− sin 𝛾 cos𝛾 sin∅ cos𝛾 cos∅

]    (67.b) 

 

The ROP can be calculated in the inertial frame 

 

�̇�𝐼𝑡 = 𝑅𝐼𝑏�̇�𝑏𝑡      (68.a) 
 

                                        = �̇�𝑡  [
sin 𝜃 sin ∅ + cos 𝜃 sin ∅ cos ∅
−cos 𝜃 sin∅ + sin 𝜃 sin 𝛾 cos ∅

cos 𝛾 cos∅
] (68.b) 

 

For simplicity, using a transformation matrix we can store the orientation and the position (here the rate 

vector) in the same matrix. That is: 

𝑇𝐼𝑏 = 𝑅′
𝐼𝑏𝑍′̇

𝑏𝑡      (69) 

 
Where 𝑅′

𝐼𝑏 is a 4_4 matrix with zeros on the fourth row/column and 1 on the last diagonal position, and 𝑍′̇
𝑏𝑡 

is a 4×4 identity matrix with the rate vector placed on the last column. This gives 

 

𝑇𝐼𝑏 = [
𝑅𝐼𝑏 �̇�𝐼𝑡

0 1
]      (70) 

 

 

 

With the rotational matrices defined, the position equations can be derived using the Euler equation 

 

Position equations: 

Using equation (65) 

𝑦𝑘+1 = 𝑦𝑘 + ℎ(�̇�𝑘 + �̇�𝑘−1)/2     (65) 

 

Where the position for each time step can be found by rotating the body frame containing the known ROP 

along the 𝑧𝑏-axis back to the inertial frame.  

 

Position controller: 

An overview of the planned block diagram for the position controller is presented. A Kalman filter will be 

implemented to output a filtered estimation of the drill bit to deal with the expected high frequency noise on 

the measurement signal. The estimated position X is further compared with the desired reference path 

presented in Equation 3 and an error is calculated. A PID controller will calculate a new system input u to 

eliminate the error, steering the drill bit towards the reference trajectory. In directional mode, the PID 

controller will most likely use the combination of position controller and WOB controller. 
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Figure 56: Position control. 

 Gjjj hjh jj hh k j 

8.3. Control Scheme:  

The team’s control scheme is presented below as a communication flowchart for the purpose of showing how 

Matlab is planned to communicate with the different motors and sensors. 

For each motor there will be a either a servo drive or a controller that will be responsible on obtaining all the 

necessary information regarding the motors such as the RPM and Torque and feed all that information to the 

main hub via Ethernet connectivity. As for the sensors used, we have the new IMU Downhole sensor, the load 

cell and the flowmeter, all connected to the Arduino board. The Arduino board will then proceed to send all 

the information generated by the sensors to the main Ethernet hub thanks to the accessory shield attached to 

it, the hub will then feed all the information to the MatLab program where the data will be treated and plotted. 

 

 
Figure 57: Suggested control scheme. 

 



                                                                                                                                                                 2020 Competition 

79 
 

 Graphical user interface (GUI) 

Last year, the GUI was made simple and only plotted the most important data to not confuse the user. This 

year however following this year’s guidelines, more information had to be shown throughout the drilling 

process; the GUI is made up of 6 sections. Section (1) contain Gauges that show the most important parameters 

such as the WOB, ROP, PRESSURE, TORQUE, for quick looking. Section (2) contains 3 Graphs that contain 

WOB, Torque and Total Depth where they are plotted against time, giving the user an overview on how the 

drilling operation propagates, and if the controllers work as they supposed to. Section (3) contains the magnetic 

surveying, this section has real-time data plotting of Well Centre Coordinates (longitude, latitude), TVD, 

Dogleg Severity, Northing and Easting. Section (4) contains Real-Time Data which has the build-up rate, 

Azimuth, Inclination and Drilled Depth. Section (5) has the Sensor Data which contains the Yaw, Pitch and 

Roll and the final section (6) has the Start and Stop that controls the system, the other lights on the top left 

which indicate if the motors are working or not. 

Overall, the front panel is very clean and understandable, some parameters are presented twice, such as WOB 

and ROP that has both an indicator and a plot. This may be changed on the second Phase if we need to add or 

plot other data. 

 

 

Figure 58: Proposed Graphical User Interface. 
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8.4. General Algorithm:  

During the last year, the objective of the UKMO team was to drill automatically a vertical hole, for that a 

control algorithm was designed to attend this goal. As this year's competition has two phases (vertical + 

deviated), the team decided to test last year's algorithm in the vertical phase. 

The algorithm consists essentially of eight main blocks, each block represents a series of several procedures 

that must be done automatically. 

The main blocs as shown in the flow chart algorithm below are:  

 Top of rock detection: before drilling starts, the system has to detect the top of the rock in order to 

avoid excessive torques. By doing so, the bit shall start rotating before getting in contact with the top 

of the rock. 

 Initials values: in this section, the user injects the initial values of the inputs to let drilling starts. 

 Best WOB & RPM researching: based on what each output equals and with verifying the safety 

measurements, the system computes the optimal combination of the WOB and RPM to get stable 

drilling. 

 Safety condition: this block takes into consideration all the parameters that affect drastically on the 

drilling performance; drill string geometry check, limiting torque, WOB, axial vibration 

frequency..etc. 

 Optimization block: the system optimizes the inputs to get better and stable drilling. 

 MSE minimization: the system seeks as much as possible to lessen the MSE values that change in 

function the drilling inputs. 

 New formation detection: this year, this block is going to be omitted because of the homogenous rock 

formation presented at the day of the competition. 

 Total depth: The system continuously checks if the total depth is being reached to stop and shut down 

the whole system. 
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Figure 59: Flow Chart of the last year General Algorithm (Vertical Phase). 
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 Description: 

Autonomous drilling procedure is known to be divided to two phases; therefore, two parts define the general 

algorithm chart.  

a) Vertical drilling:  

The first phase in the competition and as it is stated in the guidelines requires to drill a vertical hole of 4 inches 

long where the first inch is drilled manually. The system’s work is going to be only focusing on accomplishing 

drilling without any deviation, thus the control speed and data handling is expected to be fast and less 

complicated compared to the directional phase. 

b) Directional drilling 

The directional phase starts from below the vertical drilled hole, inputs and outputs in this part are several. 

Therefore, many conditions have to be satisfied to drill a uniform deviated hole which adds more complexity 

to the system. After injecting the target coordinates, calculations needed to reach the target are autonomously 

computed and stored in the system’s memory. Afterwards, a series of continuous monitoring and controlling 

of the inputs and outputs is to be affected. The algorithm proceeds by optimizing these parameters paralleled 

by checking the safety condition and whether the target is reached or not.  
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Figure 60: General Algorithm of the new competition (Vertical + Deviated Phase). 
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8.5. Simulation results: 

Simulation done on the hypothesis of the position equations team proposal were successfully conducted using 

Matlab, the desired trajectory has perfectly matched the reference trajectory of 50 cm vertical depth of the 

drilled deviated trajectory and 8cm of target’s horizontal displacement. Results were accurate and precise in 

2D and 3D profiles showcased in Figure 61 and 62 

 

 

 

 

 
Figure 61: 2D simulation of the position equations along x-z axis and x-y axis 

Figure 62: 3D simulation of the position equation in (x, y, z) plane. 
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9. Conclusion:  
The Drillbotics competition creates a dynamic environment to individuals working on engineering solving 

problems. This year, the topic was creating a functioning directional drilling rig that works autonomously. 

Competitors were challenged to create a robust control system and flexible mechanical components to meet 

the tasks of the competition. This was UKMO design report of this year’s edition where multiple solutions 

had been showcased. New modifications are briefly stated: the new BHA consists of a pneumatic motor, 

electrical motor for inclination creation and sensor sub that contains the new generation of the downhole 

sensor. The drilling fluid used this year is air, so air compressor is added to the collection. Dimensional 

analysis and research is to be continued in the second phase along with improving the system’s controllers. 

Filters are added to expect high precision values and clean well-filtered data. System response to Algorithm 

script is left further due to the second phase. 

The proposed solutions stated in the design report are submitted to change during the second phase; 

improvement and adaptability of these improvement in the system are all expected challenges to the team 

members.  
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10. Finance: 
Good management is key and essential for success in project management, the main factor here was keeping 

all the expenses under control. In order to stay within the budget the team planed their approach carefully. In 

the Drillbotics Guidelines 2019, it is stated that each team is limited to spend a maximum of $10,000 on all 

project-related expenses, such as rig hardware, software or machining of parts. Aid provided by sponsors can 

be used without subtraction from the budget. In the Drillbotics Guidelines 2019, it is stated that each team is 

limited to spend a maximum of $10,000 on all project-related expenses, such as rig hardware, software or 

machining of parts 

Budget 

This year the team will only be modifying last years already available rig. These modification include the 

complete redesign and modification of the BHA which will include the addition of a pneumatic motor for the 

transmission of the rotation to the drill bit, an electric motor that’s responsible for providing the flexibility of 

the inclination. Finally, a change in the team’s hydraulic system from using a water pump to an air pump using 

this time air as drilling fluid. 

Last Years Project Expenses  

Last year thanks to the teams main sponsor the national oil and gas company ENTP the team was able to 

obtain an open budget to buy all the necessary equipment alongside providing the workshop where the drilling 

rig was made. 

Last year during the construction phase the team made multiple modifications to the rig. this in turn caused a 

problem where more equipment was brought but never used, in this year competition the team will focus on 

choosing the necessary equipment beforehand to not make the same mistake as last year now the price of 

which last year’s rig was made is estimated to be around: 

 

 

This price is the pure price of the rig that includes the metal structure of the rig alongside all the equipment. 

 

2019 Rig Expenses:  

Like mentioned before the team will approach this year with care and with a structured plan on how to go 

about choosing and buying the equipment. This year the same company ENTP has offered to sponsor the team 

just like last year by providing a fully equipped workshop alongside the aid of engineers, in addition to all the 

they will be responsible for buying some of the equipment listed below. 

Description Of 

Item 

Price Per Item 

(DZD) 

Number of 

Items 

Total Price 

(DZD) 

Total Price  

(USD) 

Electrical 

Downhole  Motor 

+ Controller 

6790 

 

20 253 

01 

 

01 

6790 

 

20 253 

57 

 

170 

Pneumatic Motor 26 687 01 26 687 224 

Downhole Sensor 

Card 

1667 01 1667 14 

Air Compressor 58 398 01 58 398 490 

 

1 2019 UKMO Drilling Rig Price: 1 055 000 DZD 8850 USD 
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Funding: 

In terms of sponsorship just like the team mention above the national oil and gas company ENTP will take 

most the responsibility and will be the main sponsor however the team reached out to other companies and 

most if not all agreed to help the team whether that would be financially or by providing services to the team.  

As for shipment of the rig, last year the rig got shipped to Germany, Celle by the help of the teams sponsor 

ENTP using DHL services  

 

Figure 63: DHL shipping agency. 

This year the procedure will be the same and no problem should be expected as long as the rig is shipped on 

the right time. 
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11. Project Management/Second Phase: 
The success of the construction phase in such a project must be followed by a task management system, 

respecting deadlines is among the important factors that influence on the project progress.  

To complete the second phase within the deadlines set by the competition committee, a task management 

diagram was proposed by the team in order to visualize the progress of the project depending on time, all 

constraints encountered during the past year were taken into account. 

The BHA equipment will be 3D printed during the month of January, the estimated period of all rig 

modification is about two months (February-Mars), during this period many tasks will be realized, after testing 

the primary model of the BHA, the team will start the test of the final BHA and the hole rig by May. 

The following diagram shows how the team will organize all tasks during the construction phase.  

 

 

Figure 64: Gantt diagram for the second phase competition. 
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12. Table of calculations: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter 

 

 

Symbol 

Calculated results  

Safety 

factor 

Maximum 

Allowable 

 

Reference 

Field 

units 

Metric 

units 

Field 

units 

Metric 

units 

Torque 𝑇 13.97 19 - 18.15 24.67 / 

Buckling 

limit 

𝐹𝑐𝑟 63.22 28.64 -   https://en.wikipedia.org/wiki/Buckling 

112 246.4 3 336 152.72 Well Engineering and Construction, 

Hussain Rabia 

Burst 

pressure 

𝑃𝑏𝑟 3045 210 3 9137 630 Well Engineering and Construction, 

Hussain Rabia 

Weight 

rate of the 

flow of the 

drilling 

fluid 

𝑊𝑔 0.00452 0.00204 - 0.018 0.00819 Air drilling Manual, William C. 

Lyons, Bayum Cue, Frank A. Seidel 

Flow rate 

of the 

drilling 

fluid 

𝑄𝑔 0.0006 0.000017 - 0.0024 0.000068 Fundemantals of drilling engineering 

Robert F. Mitchell & Stefan Z. Mizka 

Total 

pressure 

loss 

∆𝑃 0.01 82.01 - - - Fundemantals of drilling engineering 

Robert F. Mitchell & Stefan Z. Mizka 
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Downhole electrical motor:  
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