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I. INTRODUCTION 

     The oil and gas industry are continuously looking for innovative solutions in order to 

perform more with a lower cost and more safety. That‘s what called most drilling societies to 

look to automate the drilling process. The SPE and DSATS were the first to accept the 

challenge and proposed to make an International Competition for universities all around the 

world in order to design and construct an automatic rig machine with innovative ways to 

achieve the request. 

     As an answer to the SPE society, our aim of this competition is to ―design a drilling rig and 

related equipment to autonomously drill a vertical well as quickly as possible while 

maintaining borehole quality and integrity of the drilling rig and drill string‖. 

Some restrictions were given by the guidelines of 2018-2019 for the team A. The purpose is 

to realize the drilling successfully without the contribution of human beings during the whole 

process (just the turn on button in the beginning) which is also important as a safety measure. 

     The team of the National Polytechnic School, Algeria (ENP) is participating this year for 

the first time in Algeria and Africa also. They accepted the challenge giving by Drillbotics 

and worked hard to try to overpass all the problems that he had faced the whole working time 

(lack of time and enough knowledge in this domain). We decided to work this year for the 

first time in group B. 

II. Safety 

II.1 Risk Management Approach 

Risk management is the discipline that seeks to identify, assess and prioritize business risks, 

regardless of the nature or origin of these risks, to process them in a coordinated and cost-

effective manner, so as to reduce risk. and control the probability of dreaded events, and 

reduce the potential impact. 

     II.2 Risk Assessment Grid 

    Risk is defined as the combination of a probability of occurrence of a hazardous event and 

the severity of its consequences. The risk assessment is based on the estimation of the level of 

probability and severity scale. 

  Level of probability: 

Table 1 LEVEL AND SEVERITY OF PROBABILITY 

 level Description 

 1 Very unlikely 

 2 unlikely 

 3 Likely 

 4 very Likely 
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 Severity scale:  

   

 level Description 

 1 low 

 2 medium 

 3 serious 

 4 very serious 

  Risk Rating 

 

 

 

 

 

 Preliminary risk analysis: 
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 Identification  Evaluation Prevention / protection measures Result 

Danger Dangerous Dangerous Damage G P R  G P R 

 situation event         

  Accidental     Isolation of the drilling tool during operation    

  contact serious 

3 2 

 protector (metal cage, protective glass…. etc) 

3 1 

 

  

with 

injury  

 

 

        

 Exposure rotating tool         

 

to the 

rotating 

Rotation of the 

pipe       Emergency stop button    
Drill 

 bit drill bit 

 

injury 2 2 

 

  No loose clothing, jewel, watch, bracelet, 

glove, unattached long hair 

2 1 

 

   

Avoid being near rotating parts and tools 

 

     

           

 

      

  Keep the machine in the transport position 

(prevent starting in this position even if the 

machine is turned on). 

   
Machine 

under 

tension in 

transport 

position 

(horizontal 

drill pipe) 

Accidental 

starting of the 

machine / 

direct contact 

with the 

drilling tool        

 

  

serious 3 3  

 Avoid turning on the machine in the transport 

position    

     

 Emergency stop button 

   

 

  

injury       

     

 Warning device 

   

 

  

       

 

  

 

 Cover of the resting tool of the machine 

2 1 

 

      

          

           

  

Projection of injury 2 2 

  

1 2 

 

   

protection 

 

 

Exposure to drilling waste 

       
Solid 

 Projections         

 

the 

projection Projection of     

 Surround the drilling area with a fixed guard 

or mobile    

 of solid metal particle serious     Proper sizing of the drill pipe    

 

particles follows a 3 2 

  Reduce exposure while respecting the safety 

distance 2 1 

 

 injury   

  

breakage of 

   

 

   

         

  the drill pipe         

Table 2  Preliminary Risk analysis 



11 
 

 

 Mechanical Risk: 

 

 Recommendations 

 

- Equip the machine with an emergency stop button: 

This device must stop the machine in as short a time as possible, without any additional risks. 

It has, moreover, the following characteristics: 

1- it is located in plain view and within reach of the manipulator; 

Table 3 Mechanical Risk 

 High dust 

Breathing 

    
 

   

 

release 

        

 large 

amounts 

Difficulty 

breathing 

       

Dust 
During 

drilling 1 3 

 Place a filter at the top of the drilling 

area 1 2 

 

of dust  

  

 

 

       

          

          

   

Requirement 

of verticality 

not respected    

No consequences HSE 

   

   

 

      

          

 

Instability of 

Large 

machine         

 

movement 

        

Vibrations the machine 

        

During 

    

  Prevent a damping system 

   

 during 

drilling 

       

 

Drilling  

   

  Maximize the weight of the machine 

   

        

   
Breakage of 
the drill pipe 3 3  

 The wheels of the machine must have 

a safety braking system (minimize the 

movement of the machine during 

drilling) 2 2  

           

 Exposure to          

 loud noise Intense     

  Personal protection (anti-noise) 

   

Noise (sound level 

noise 

generation  1 3     

 above 80 db) 
during 
drilling         
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2- it is activated in a single operation; 

3- he is clearly identified. 

4- Red colour. 

Returning the emergency stop device after use must not cause the machine to start. 

- Isolation of the drilling area by a fixed or movable (sliding) guard (plastic plate or 

glass) or by a metal cage 

Cage Features: (from CSA Z432-04, Canadian Standard for Machine Safety) 

- Prevent an automatic machine logging system in the transport position (horizontal 

position of the drilling system): 

In this position, to avoid the risk of accidental contact with the drill bit, and the accidental 

start-up of the machine, it must be equipped with a system whose objective is to prevent 

accidental or deliberate starting. the start of the machine is only in drilling position (vertical). 

- Equip the machine with a warning device: 

When starting a machine is a danger to people in the vicinity, it must be announced by a horn 

or other effective means of communication. 

- Use wheels with safety braking system: 

To minimize the movement of the machine during vibrations 

- Minimum distance between the floor and the machine body: 120 mm 

- The control panel must be placed in a safe place: 

It must be kept as far as possible from the drilling system 

- Avoid extremities of parts and sharp external parts 

- Display safety instructions and handling procedures on the machine body 

Equip the top of the protector (drilling area), [if it is a plastic plate or glass] with a filter to 

recover the generated dust 

 

 Electrical Risk: 
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 Identification  

Evaluatio

n 

Prevention / protection 

measures Result 

Danger Dangerous Dangerous Damage G P R  G P R 
 situation event         

  Operator 

contact 

    - Cable insulation    

 

Mass defect 

Electrificatio

n 

4 2 

 

- Grounding 

3 1 

 

 

with the 

  

 

 Electrocution 

 

- Differential circuit breaker 

 

 

electrified wall 

      

      

- Class 1 insulation material 

   

            
Intervention 

on 

    

- During the intervention: 

   

         

 

Machine under 

electrical 
cables Electrificatio

n 

3 2 

  Shutdown 

3 1 

 

 

Involuntary 

 

 consignment 

 

 

tension Electrocution 

  

E
lectricity

 

 

contact 

   

- In operation: 

   

        

      

 Insulate with movable plates 
(with padlock) 
      

Fluid 
projection 

    
- Separate the hydraulic circuit 

from the electrical circuit (not the 

same passage) 

   

         

  (fluid 

lubricating 

       

      

 

   

  water - reflux 
mud) 

       

  Electrificatio
n 

   - Isolate motors and power supply 
(walls - watertight compartments) 

   

  

Leakage in the 

3 3 

 

3 1 

 

 

Electric arc Electrocution 

 

 

 

 hydraulic 

circuit 

  

  

Fire catch 

   - Insulate the cables (waterproof 
sheath) 

   

  

(vibrations) 

      

      

- Reinforce hydraulic hoses 

   

  

 

       

      - Isolate the drilling area (glass 
cage) 

   

          

           
Table 4 Electrical Risk 

 Insulation of electric cables 

 Prevent grounding 

 Equip the device with a differential circuit breaker 

 Use of Class 1 insulating material 

 During the intervention: 

              - Shutdown 

              - Machine logging (security system shutdown via specific padlocks) 

 Separate the hydraulic circuit from the electrical circuit (not the same passage) 

 Insulate motors and power supply (walls - watertight compartments) 
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 Insulate the cables (waterproof sheath) 

 Reinforce hydraulic hoses 

 Isolate the drilling area (glass protector) 

 

III. Mechanical design and functionalities: 

III.1 RIG DESIGN 

 

    The rig design is based on the design criteria given in the competition guidelines and 

industry norms. Mobility, functionality, versatility, stability, and safety have been the main 

concerns while designing the rig. The focus has been on having a hoisting and rotary system 

with high precision and functionality to ensure an efficient drilling operation. 

In our case, we have opted for the Stainless Steel as the construction material for the main rig 

for several reasons: 

 To ensure stability and because of the rigidity that we can gain. 

 Cost efficient and easily accessible. 

While using the Stainless-Steel material, the weight of the rig is about 120 kg. 

The height of the drilling rig was estimated based on the rock sample height (60 cm) and the 

total length of assembled drill string, and of course the availability of the slide rails.  
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About the mobility of the rig, it is designed to be easily moved around, as well as to ensure quick 

rig up and rig down. Jack up casters are used on each leg so that the rig can effortlessly be 

operated by one person. The casters will also make it possible to put the structure down on its 

steel legs to ensure stability when operating. The derrick is mounted to the rest of the structure 

by hinges and bolts, and can be folded down for a steady and safe transport. The structure is 

designed to be able to pass through a standard doorway. 

For more mobility, we have chosen to divide the structure in two part to be more transportable. 

 

 

 

 

 

Figure 1 Rig design 
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 Fixation of the rock sample: 

Since the main purpose in this competition is the 

drilling of a rock which is defined in the 

guidelines 2018-2019, the vibration of the rock is 

something that should happen in a way or 

another. We decided to fix our rock sample and 

we innovated a system for that. We‘ve chosen a 

material that absorb the vibration which is 

Polyamide material in zone of fixation. The 

design of this system is done so it fit perfectly the 

rock sample with no free space (serried). 

Fig.2: mobility. 

 

Fig.3: mobility. 

Figure 2 fixation ofthe rock sample 
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Simulation N°02:  

Material of construction: “Stainless Steel 
Bar “ 

Charge applied:  

Weight: 70 Kg 

minimal Security factor is 27 

table’s weight: 30 Kg 

          

 

                                         Simulation N°03:  

Material of construction: “Stainless Steel Bar” 

Mechanical Simulation: 

 

 

 

 

 

 

 

 

 

 

 

                                                                          

 

 

 

 

 

 

         Simulation N°01:  

Material of construction: “Stainless Steel Bar” 

Applied charge:   

Weight: 100Kg   torque: 10 Nm 

Minimal security factor :9,7 

Figure 3 mechanical simulation 
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III.2 Hoisting System 

 

   Hoisting System is the system used on a drilling rig to 

perform all lifting activities on the rig. These activities 

basically include the lowering and lifting of necessary 

equipment in or out of the hole. This system is the main 

component that performs the drilling operation by either lifting 

or lowering the casing or drill pipes to drill and finally 

complete the well. 

This system is one of the important systems to achieve the 

objective of this competition.  

In our hoisting system, we will be using: 

 Mainly, it‘s consisted of slides (rails) of 1200 mm. The 

figure below describes our choice concerning this part. 

 

 We also have linear guides (containing a linear bearing) 

that direct the movement in linear vertical direction 

(according the z-axis)  

The reasons that made us take this choice are: 

 Availability in the market and their low cost regarding other systems. 

 Their practical use and easy to understand the functioning. 

 The non-lubrification, which means that neither the sled or the bearing needs 

regular lubrification during their work, they can resist without it. In addition to 

that, they are made with specific materials so they can resist to dirt, dust and 

moisture which respond perfectly to our needs. 

 For the drill pipe, it has been shown that the connection to and from the drill pipe has 

always caused malfunction, it‘s quite obvious because of the low external diameter of 

it, even the screw thread of the pipe is not possible due the concentration stress 

 

 

Figure 4  Example of guide rails 

Figure 6 Example of guide rails Figure 5 Example of linear bearing 



19 
 

phenomenon. All these previous reasons lead us to choose a new system which is ―the 

Coupling Connection‖, this system is not even helping in the good functioning but he 

also has a role in reducing the vibrational phenomenon of the drill pipe while working. 

The thing that we should pay attention to is that, this new component also applies a 

pressure on the drill pipe so we need to consider that. In other words, we need to 

calculate the maximal pressure that the drill pipe can resist to and choose the coupling 

connection according to the results: 

 

   
         (

  

  
)
 

 

   
                 

Where: 

                                                            

                         

                                        

                                         

N.A: 

             

According to this result, we will be searching for the adequate locking assembly in order to 

ensure the safety of the drill pipe. 

In the literature, we have found that the maximal pressure exerted by the coupling which is 

approximatively 38 MPa with the Stainless-Steel material. Therefore, the pipe can endure the 

pression applied by the coupler. 

 

 

 

 

 

 

  

 
 

Figure 7 Mechanical properties of Aluminium used in formula 1 
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III.3 CALCULATIONS  

 

     Several different topics had to be reviewed before starting implementing the control 

system or test drilling in order to understand the strengths and limitations of the system. 

    The physical limitations related to the requirement to use a thin-walled aluminium pipe will 

be reviewed first. It is expected that buckling will occur easily in such a weak pipe and 

calculations have therefore been conducted to try to estimate how easily the pipe will fail and 

how this can be prevented. 

III.3.1. Compression Analysis 

     Buckling was expected to be one of the main sources of pipe failure based on the 

weakness of the pipe provided by DSATS [13] and reports from previous contests. The drill 

string was therefore designed to address this issue and thus limit the risk of buckling. 

    Buckling occurs when too much weight is applied at the top of the drill string. This puts the 

pipe in a state of compression where it starts to deflect laterally and becomes prone to 

increased metal fatigue failure. Furthermore, the body of the drill pipe wears rapidly due to 

abrasion along the wall. The worst-case scenario is that the pipe fails because of buckling. 

    The buckling limit can be estimated using Euler‘s buckling load. However, because there 

was a high risk of experiencing drilling dysfunctions related to the weakness of the pipe, the 

aim was to completely avoid entering a state of compression. 

     Buckling can be prevented by increasing the tension of the drill string and thus avoiding 

entering a state of compression. There were two ways to achieve this, one was to reduce the 

weight applied at the top and the other was to increase the weight in the lower part of the 

string. 

    Although reducing the weight applied by the top drive was a simple and effective solution, 

it limited the amount of weight applied on the bit and thus slowed down the drilling speed. 

Increasing the weight in the lower part of the string, in this case the BHA, was therefore 

chosen as the best solution. 

 

     Based on the 2019 Drillbotics competition guideline, basic information for calculation are 

summarized in this table: 

     The exact yield strength did not be found son we have use       with a safety factor of 2 
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Aluminium drill pipe data Metric unit  

Ultimate Tensile Strength (        )  310 MPa  

Yield strength (  )  240 MPa  

Modulus of elasticity (E)  69 GPa  

Weight  0.07 Kg/m  

Outside diameter (dp)  9.53 mm  

Outside radius (ro)  4.76 mm  

Inside diameter (idp)  7.75 mm  

Inside radius (ri) 3.8735 mm  

Wall thickness (t)  0.889 mm  

Length (Ldp) 0.91 m  

Roughness  0.0152 mm  

Table 5 basic information for calculation 

III.3.2. Euler’s Critical Load Analysis (Buckling limit calculation) 

    Even though the main goal was to keep the drill string completely in tension, it was not 

possible to predict how much WOB would be required to drill through the formation before 

testing the machine. To set a theoretical absolute upper limit for WOB, Euler‘s equation for 

critical load was therefore used. This enabled the estimation of the maximum load the pipe 

could theoretically bear without experiencing lateral deflection. 

     Euler‘s equation:    

     
    

     
 

Where:  

F𝑏  :     Critical buckling load  

 :   Modulus elasticity of the aluminium drill pipe  

 :   Area moment of inertia  

 :   Length of the column  

 :   Column effective length factor  

 

Area moment of inertia is determined: 
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Where    and    are the outer and the inner diameter of the pipe respectively. 

Then, the critical buckling load is calculated: 

For more security, the recommended length factor is K=1: 

                          

The critical load was found to be 189,1 N, equivalent to a weight of 19,3 Kg. It was therefore 

estimated that the pipe would enter a state of compression when the WOB passed 19,3 kg, 

when no loss of the internal pressure occurs in the BHA and when the weight of the BHA is to 

be neglecting. When we add these forces, the WOB will be increased. 

III.3.3. Burst limit calculation 

The yield strength of aluminium was assumed to be 240 MPa, the safety factor was chosen as 

3, the thickness of the pipe wall was 0.89 mm and the outer diameter of the pipe was 9.53 

mm. The burst limit pressure of aluminium the drill pipe can be estimated by Barlow‘s 

equation:  
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Where: 

  :  Yield strength of the drill pipe  

 :   Wall thickness of the drillpipe  

  :  Outside diameter of the drill pipe  

 :   Safety factor  

The burst pressure of the drill pipe was estimated to be 14,9 MPa (149 bar) 

III.3.4. Torsional limit calculation 

The following formula is used to calculate the shear stress due to torque: 

  
   

 
 

Where:        
 

  
    

    
        

It can be written in another form: 

  
 

  

  
 

   
    

  

  
 

 i: Outside diameter of the drill pipe 

   o: Inside diameter of the drill pipe  

   : shear strength of the drill pipe 

S: safety factor 

Stress envelope with Von Mises 

As mentioned above, the maximum allowable stresses were calculated without considering 

the other loads during drilling. A program was written with MATLAB to consider the 

combinations of stress states that might occur in the aluminium drill pipe during regular, 

vertical drilling as a function of the drilling parameters: pump pressure, WOB, and Torque. 

 Axial stress: 

    Only compression due to WOB is considered in this case: 

(We neglected the axial stress due to the internal pressure in front of that generated by 

the WOB) 

       
   

 
 

Where:     
 

 
   

    
   

 Radial stress: 

It is due to the pressure difference across the cylindrical shell of the drill pipe, Lame‘s 

solution can be writing in this form: 
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 (  (
  
 

 
)

 

) 

Where:     

                 P: The differential pressure, so             

 Tangential stress: 

   

   
    

 

  
    

 (  (
  
 

 
)

 

) 

The radial and tangential stresses will be at highest value at the internal wall of the 

drill pipe. 

 Von Mises stress: 

      The combination of stresses during drilling should not exceed the yield strength of 

the material, otherwise failure occurs. 

       
         

         
      (

  
 
)
 

 

We have chosen a safety factor    . 

Based on the calculated values with MATLAB, the maximum allowed torsion for 

                                           is           

 

Figure 8 graphic simulation 
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Pipe’s simulation with SolidWorks 

 

 

 

 

 

 

 

 

 

 

 

III.3.5. BHA Design and dimensions 

A bottom hole assembly (BHA) is a component of a drilling rig. It is the lowest part of the 

drill string, extending from the bit to the drill pipe. The assembly can consist of drill collars, 

subs such as stabilizers, reamers, shocks, hole-openers, and the bit sub and bit. 

The characteristics of the BHA help to determine the borehole shape, direction and other 

geometric characteristics. 

The BHA is used to help the drilling process; the proper selection of the right BHA would go 

a long way in ensuring high rate of penetration (ROP) and thus help drill quickly and 

efficiently.  

In this competition we will choose an BHA of an outer diameter of 22 mm and since it should 

not be long so the vibrations won‘t be dangerous so we have to mitigate them. We have also 

chosen the length of the BHA to be roughly around 3 ½ ―(90 mm) where we decided that the 

stabilizer will have a length of 60 mm while the diameters are announced in the table shown 

after: 

 

 

 

 

Figure 9  Simulation of the drill pipe: the minimal safety factor based on Von Mises criteria is 1.4 
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The characteristics Dimensions 

BHA Outer Diameter 22 mm 

BHA Inside Diameter 15 mm  

BHA Length 90 mm 

STABILIZER Outside diameter (with 

blades) 

27 mm 

Stabilizer Inside diameter 23 mm 

STABILIZER Wall thickness 2 mm 

Stabilizer Length 60 mm 

Table 6 Dimensions of characteristics 

The drill pipe inner diameter is assumed to be 7,75 mm and the outside diameter is 9,525 mm 

The drill pipe length is assumed to be 914,4 mm 

 Calculation of the power of the pump  

It‘s given by: 

         
 

 
 

Where : 

                                                        

                                𝑏 
  

 
 

                                    

Hence: 

             
      

   
        

 

III.3.6. Magnitude of the force Fc 

Through the following calculations, the magnitude of Fc will be determined to be able to 

estimate how much weight can be applied through the top drive without putting the drill pipe 

in a state of compression. An illustration of this is shown in next figure: 
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The calculation of this force Fc is done in next parts, after the calculation of the pressure loss 

in the circulating system. 

 

IV.  The circulating System 

      In the field of drilling, the drilling fluid has a significant role in carrying out drilling 

operations, such as the transfer of sludge from the green surface to the drill bit. Causes a pressure 

drop at the level of the drilling tool that increases the penetration rate. Part of the fluid energy 

issued in the face of the drill bit and prevent clogging of the drill bit by the cuttings so that the 

drilling fluid can perform its functions (transporting cuttings to the surface of the well of the 

hole), it is necessary that the sludge pumps be able to prevail the pressure of the channel and, 

consequently, to transport the cuttings out of the hole. Load in the annulus depends on the 

pressure exerted at the bottom of the well. Our system must provide adequate fluid pressures and 

flows. 

    The automated machine will be equipped with a circulation system to lubricate and cool the 

drill and machinery, to remove cuttings from the borehole and to provide additional pressure in 

the pipe to prevent buckling. 

     As cuttings are produced, the bit can grind the trenches repeatedly (grinding or cutting 

particles causes high friction and heat that can degrade machine performance), resulting in a low 

RDP as well as a loss of energy and time. Both problems can be solved by installing a circulation 

system. 

Figure 10 illustration 
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Because the platform design does not have a closed loop fluid circulation system, a separate tank 

is included to collect circulating fluid and guide it to a drainage area or to storage to prevent slips 

and problems of electrical circuits due to wet ground. We will then see in the phase II if the cost 

threshold will not be exceeded, the possibility of making a closed circulation system. 

    We decided to keep the flow rate maintained constant during the drilling operation. 

 

IV.1.The drilling fluid  

      For reasons of cost, availability and efficiency we chose water as a mud fluid. His density 

is taken at 25 C (ambient temperature) and it is equal to 997.13 (kg/m
3
) and its dynamic 

viscosity is equal to 0.000891 (kg/m.s). 

 

Figure 11 The circulation system 

IV.2. The mud pump 

The mud pump must provide a flow rate that is compatible with the optimum performance of the 

bit used. It is a diverse volume of mud by the drilling pumps through the stand pipe and the drill 

string inside the borehole. 
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    We choosed to use Hypro 6500C Roller Pump w/ 1321-0006 (300 PSI, 22 GPM, CI, CW). It 

is a good choice as a drilling pump, with its higher flow rates, it allows higher usage peaks and 

less wear in normal use. 

 

IV.3. The Well cleaning 

 

        Well cleaning depends primarily on the nature of the drilling fluid, the size of the hole, the 

size of the cuttings and the circulation parameters.  

       As the drilled cuttings are generated by the drill bit, it is necessary to remove them from the 

well; to do this, then, the drilling mud is circulated in the well inside the pipe, then through the 

drilling tool, causing the cuttings at the top of the ring and then to the surface. The cleaning 

efficiency is according to different parameters such as: 

- the size, shape, and density of cuttings. 

- the speed of rotation. 

-the viscosity and the annular velocity of the drilling mud. 

       The speed of the mud must be adapted to the nature of the drilled rock and the waste to rise 

to the surface. The viscosity of the mud is also an important property; if it is too weak, the 

fragments of rock will tend to settle at the bottom of the well, and if it is too high, the mud will 

circulate badly. 

      During the ascent, an annular top speed improves the transport of the cuttings; the ascent rate 

should be at least 50% faster.   

    Poor movement or upset of drill cuttings can cause narrowing and variation in fluid density, 

which can lead to loss of circulation. 

 

A.  Calculations 

A.1. Determination of the flow regime 

The type of flow regime will be determined by the liquid velocity, the diameters 

annular and mud characteristics and the rheological type of fluid. 

  It is necessary to know the type of the flow regime, not only for their physical effect but also to 

calculate the pressure losses, this is a very important part of the analysis hydraulic.  

The transition from one regime to another is a function of the characteristics of the fluid and the 

flow, and to determine the flow regime, a numerical and dimensionless number called the 

Reynolds number (Re) is calculated using the relation: 

   
    

 
 

Laminar flow is when Re<2500, transitional flow when 2,500<Re<4000 and turbulent flow 

when Re>4000. 

 

A.2. Fluid Flow Velocity 
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To remove cuttings from the wellbore, the annular velocity must be greater than the cutting slip 

velocity. The cutting slip velocity for a turbulent flow is estimated to be  

           , it is given by the law for setting velocity in Newtonian fluid in the turbulent flow: 

 

        √
   (     )

  
 

Where, 

in particle, of d

lbm/gal fluid, ofdensity 

lbm/gal particle, solid of 

ft/s  velocity,slip

s

f

s

diameter

density

vs












 

We made several assumptions: 

 the maximum particle diameter was assumed equal to the distance between the hole wall 

and the outer diameter of the BHA 

 the density of the solid was 2400 kg/m3 

 The equivalent diameter of the grains is spherical and the sphericity factor is equal to 1 

(non-hollow grains) 

 

        Generally, a large annular velocity of the drilling mud improves the transport of the 

cuttings, moreover, with the fluidizing fluids, these high speeds can cause a turbulent regime, 

which increases the cleaning efficiency of the well. It is usually desirable to have a transport 

efficiency; the aim will therefore be to have an annulus fluid velocity (Va) of 0,35 m/s. 

                     
      

  
        

Assuming the flow rate is constant throughout the system, the minimum flow rate delivered by 

the pump will be then determined by multiplying the annulus velocity by the annulus cross-

sectional area.  

The diameter of the bore hole is estimated to be close to the diameter of the bit (28.6 mm) and 

the outside diameter of the pipe is 9,525 mm, which gives a cross sectional area of 571,17 mm
2
. 

The minimum flow in the system is therefore 0,0002m
3
/s 

 

The velocity in the nozzle 

For two nozzles with a diameter of 2,34 mm we have: 

The total area of nozzles is 8,68 mm², so the velocity in nozzles is estimated to be 23,04 m/s 

using the equation: 

   
 

  
 

 

A.3. Pressure Loss 

 

A.3.1. Pressure Loss in Hose  
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We determine the type of flow regime. This can be done by estimating the Reynold‘s number 

given by the equation:  

   
    

 
 

Where: 

Re is Reynold's number (dimensionless) calculated 36771,6> 4000    

  is the fluid density (     )  

v is the fluid velocity (m/s) 

di is the inner diameter of the pipe (m), 

µ is the fluid viscosity (kg/m.s), 

 

The Darcy friction factor is a dimensionless number; the pipe roughness and the pipe diameter 

which are used to determine the friction factor should be dimensionally consistent (e.g. we use 

roughness and diameter both measured in mm, or both measured in inches). 

The flow is turbulent. In this case, the friction factor must be determined using an empirical 

correlation. The Colebrook Equation, which is widely used in the field of fluid dynamics, was 

chosen as a good approximation and is given by the equation (this equation will be solved 

numerically using Excel) : 

 

√ 
            

 

    
  

    

  √ 
  

where : 

ɛ is the roughness of the hose is estimated to be 0,0001(m) 

f is the Darcy friction factor (dimensionless) calculated 0,043. 

   Then we use the equation: 

         
 

Where: 

g is the gravity and its value is 9,81 m/s
2
 

d is the inner diameter of the pipe (m) 

∆P1 is the pressure loss (Pa)  

hf is calculated using the equation:     
   

   
  (where: 4.ʎ = f)   

L is the length of the hose (m) 

V is the velocity in the hose (m/s) 

The pressure drop through the hose is estimated to be 0,627 bar (∆p1). 

 

 

A.3.2.Pressure Loss in Swivel 

 
We found the guide of the swivels cited in the references the following chart which helped us to 

make a first estimate of the pressure loss in the swivel: 
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Figure 12 Pressure loss in the swivel 

For the flow rate of 0,0002m
3
/s (3,17gpm) and the dimension of 3/8‘‘ we have the estimation of 

0,483 bar (∆P2). 

A more accurate estimate of the pressure loss in the swivel will be provided by the manufacturer 

of the swivel in the phase II. 

 

A.3.3.Pressure Loss in Pipe and BHA 

 

Pipe 

 
The pressure loss in the drill pipe will be calculated in the same way as the pressure loss in the 

hose with the same equations and is estimated to be 0,455bar (∆P3). 

 

Bottom Hole Assembly (BHA) 

The pressure drops caused by flow resistance through the bottom hole assembly (BHA) must be 

calculated separately with the equation: 

                 

It is estimated to be 0,0015 bar. 

We need to introduce a nozzle in order to add more pressure loss and therefore more weight 

on bit WOB will be generated. It is called the constriction area where the weight on bit should 

resist to the force applied on the constriction due to the pressure loss. 

A.3.4-The pressure Loss in Bit and Nozzle 

Bit 
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The pressure loss in the bit was calculated in the same way as for a pipe and is estimated to be 

0,04 bar (∆P5). 

 

Nozzles 

We use the equation: 

    
   

 

       
    

 

Where 

Cd: the nozzle coefficient was determined to be 1.03 instead of 0.96 used by most bit companies 

∆P6: Nozzle pressure loss (psi) 

Q: flow rate, gpm 

 f: mud weight, ppg 

An: the total area of nozzles(inch²) 

The pressure loss in the two nozzles is estimated to be 2,83 bars. 

A.3.5-Pressure Loss in Annulus 

The pressure loss through the annulus was based on previous equations as for as the hose. The 

value of the diameter used in these equations is an equivalent diameter calculated using the 

equation: 

    √       = 26,97 mm               

where: 

dais the diameter of the annulus and do is the outer diameter of the pipe (0,009525m).The flow 

rate is estimated to be turbulent through the annulus as well and resulted in a pressure drop, the 

loss pressure in annulus is estimated to be 0,0005 bar (∆P7). 

Summary of pressure loss 

The total pressure loss is: 
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Component Pressure loss (bar) 

Hose ∆P1 0,627 

Swivel ∆P2 0,483 

Drill pipe ∆P3 0,455
 

BHA ∆P4 0.0015 

Bit ∆P5 0,04 

Nozzles ∆P6 2.83 

Annulus ∆P7 0,0005 

Total ∆Pt 4,437 

Table 7 Summary of pressure loss 

B. Calculation of the power of the pump  

It‘s given by : 

         
 

 
 

Where: 

    : is the total pressure loss in the drilling machine 

  : is the volumetric flow giving by 
  

 
 

  : is the efficacity of the pump=0.8 

Hence: 

            
      

   
              

Calculation of the force on the constriction Fc 

 It‘s given by :  

                 

Where  
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So 

 

                   

           

 

It is also equivalent to a weight of 21.90 kg.  

Calculation of the diameter of the constriction: 

We‘ll be using this formula: 

 

Where: 

  
  

  
 

And: 

Density      ⁄   998.2 

Flow rate (    ⁄  0.0002 

Pressure loss in the constriction       5,000 

   coefficient 0.95 

 

We find that: 

The constriction diameter to be 1.45 mm (This result is found after solving the previous 

equation for the data in the previous table). 

The Weight On Bit (WOB) that can be generated is assumed to be the sum of the weight 

previously calculated in the buckling plus the one just calculated due to pressure loss. That 

can allow us to have a maximal (critical)WOB of 40.9 kg.  

 

III.4: Rotary System 

   The main function of the rotary system is to provide torque to the bit through the drill 

string. Both rotary table and top drive system have been considered, where the top drive 

system was chosen as the best solution. Even though the rotary table system would have made 

it easier to design the circulation system, the top drive system contains less components and 

provides higher power efficiency since the motor is directly connected to drill pipe. 
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   Shaft power for the top drive motor can be estimated using equation below: 

  
  

 
 

Where:       

P: shaft power for the top drive motor (W). 

 : the angular velocity of the shaft (rad/s).  

      we have   
 

  
  where N is in (tr/min) 

T : the torque (N.m). 

  : the efficiency factor 

Our system is small scale when comparing to the real drilling rig, even for the bit, its size is 

unconventional so it‘s quite hard to give an estimation to the RPM (Rotation per minute) 

interval limits 

We give a rough estimation of the upper limit, a 1.125‘ bit would have 2,000 RPM in order to 

get the same tangential speed as a 12.25‘ bit with an RPM of 300. 

Our choice is based on the goal to reduce the large vibrations of the bit, and to use an RPM 

smaller than the RPMlimit which will be calculated in the vibrations analyses.  

Using the critical torque value of 9.1 Nm, an RPM of 1,500 and an efficiency factor of 0.9, the 

power consumption of the top drive motor was calculated to be 1.59 KW. This is not a fixed 

value and RPM will be adjusted according to the critical values for the system. 

III.4.1. Hoisting Motor 

 The torque is estimated using equation bellow: 

  
   

    
 

Where:  

F: force acting on the ball screw. 

P: the lead of the ball screw. 

 : efficiency factor for the ball screw 

 The total force acting in the ball screw was estimated 

to be at most 500 N, from weight of drill string, top 

drive motor and carriage. 

 

Figure 13 Efficiency 
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 For the lead, we have chosen M14 ball screw, to ensure precision in WOB and to get a 

large domain of variation for the ROP, Safix has been chosen as supplier and their 

smallest available lead for M14 ball screw is 2 mm. 

 The efficiency factor for the ball screw was set as 0.32 

    Finally we find:              

 

Resistance of threaded shaft 

      

 

 

 

 

 

 

 

 

 

 

To provide a rough estimate of the power consumption of the hoisting motor, the carriage is 

estimated to be able to move from bottom to top of the rock within 10 seconds, which results 

in              , the efficiency factor for the hoisting motor was set as 0.9, and the motor 

power required was calculated to be:                              

V. Dysfunction resulting from Vibrations 

  A vibration in its general sense is the motion of a mass about a reference position. The 

motion is periodic, if it repeats itself after a certain time-interval, called the period of the 

vibration. The inverse of the period is called frequency and is given in Hz (s
-1

). The motions 

give rise to unwanted effects, such as dynamic loading of the drill string and of the borehole 

wall. 

  There are three main types of vibrations that can occur while drilling: axial, torsional and 

lateral. Each of these modes has a different type of destructive nature: 

 

 

Figure 14 Safix’ table for thread shaft 
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IV.1.  TORSIONAL VIBRATIONS(STICK-SLIP) 

Stick-slip torsional drillstring vibrations manifest themselves in the form of low-frequency 

torque fluctuations of significant 

amplitude during drilling or coring 

operations. It is often noticed as a 

groaning noise emanating from the top 

drive. The period of oscillation 

corresponds to the first Eigen frequency 

of the drillstring/BHA combination, the so 

called 'torsional pendulum mode'. In this 

mode the drill pipe behaves as a spring 

and the BHA as a rigid body inertia. This 

is depicted in Figure in bellow. 

The period related to the drillstring 

winding and unwinding is a function of the length and diameter of the drill pipe, and the 

inertia of the BHA. Lighter BHA's and shorter drill pipe sections cause shorter periods. 

   During fully developed stick-slip the bit tends to periodically come to a complete 

standstill. Torque builds up and is then released, resulting in a rotational motion. Bit and 

BHA alternately rotate faster and slower than the drill pipe at the surface. If the difference 

between the static and dynamic friction coefficients is large enough, the BHA can 'over' 

rotate and build up reverse torque causing the bit/BHA to rotate backwards. This can 

destroy the cutters on PDC bit. 

   Stick-slip oscillations are especially damaging to the bit and drillstring. Broken teeth and 

damaged PDC cutters are often the result of uneven loading at the bit/ formation interface. 

Fatigue cracks in drillstring components, as a result of torsional vibrations, are no 

exception, and sometimes lead to drillstring twist-off. Moreover, stick-slip oscillations 

have been observed to occur during 50% of normal drilling time and lead to an average 

overall ROP reduction of 35 %, for a wide range of bits and formations 

i. Axial Vibrations 
  The axial vibrations cause high impact loads on the cutters leading to chipping and 

delamination. Typically, this failure mode takes place in advance of any noticeable 

wear that may dictate cutter replacement. PDC bit axial vibration is most likely to 

occur whilst drilling with a high weight-on bit in a hard rock environment. 

Axial mode is not expected to have a very large impact on the drilling performance, 

but, to reduce the risk of damaging the equipment, a simplified analysis will be done 

on the natural frequency of the system 

 

ii. Lateral Vibrations 
    Lateral vibration of the BHA is the single type of vibration which is responsible for 

most of the down hole tools and drillstring failures. and are, together with axial 

vibrations, more violent in vertical wells.  

    Impacts of the BHA against the borehole wall generate high shock loads, which can 

cause failure of measurements and tools while drilling. Additionally, BHA whirl 

 
Figure 15 The torsional pendulum mode 
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generates high cyclic bending stresses leading to fatigue failures in threaded 

connections. 

IV.2. Natural Frequency 

 

   Natural frequency is the frequency at which a system tends to oscillate in the absence of any 

driving or damping force. When drilling through a formation, the drilling operation leads to 

vibrations that pass from the bit through the BHA and finally to the drill pipe. If the vibrations 

reach the same natural frequency as that of the drilling equipment, resonance is established. 

   Resonance is a phenomenon that occurs when a vibrating system drives another system to 

oscillate with greater amplitude at a specific frequency. In this case, it may result in a higher 

amplitude displacement of the equipment, thus damaging it even more. Rotation of the bit 

causes vibrations that spread through the equipment. 

   It is so critical to find the rotation speed, RPM, that does not create vibrations with the same 

frequency as the drilling equipment‘s natural frequency. By avoiding the critical RPM, the 

lifetime of the equipment may be increased and the drilling operations will be optimized. 

   An analysis of the harmonic response for a rotating pipe has been done for lateral and for 

axial vibrations in order to estimate if resonance will be a problem during the drilling 

operation. 

  The analysis of lateral vibrations can be simplified by assuming the pipe behaves like a 

uniform beam. The tension of the drill string has a significant effect on the vibrations and can 

therefore be included in the analysis as a constant. The drill pipe equation becomes:  

  
   

   
  

   

   
   

   

   
   

Tension in a beam will increase its stiffness and therefore increase its natural frequencies, 

compression will reduce these quantities. 

The natural frequency of the system which is calculated from the drill pipe‘s equation: 

  
  (

  

 
)
  

  
 (

  

 
)
   

  
    

n is the mode number which varies from 1 and upwards, l is the length of the tube which is 

91,4 cm, T is the tension within the drill pipe, A is the cross-sectional area of the pipe which 

is 24.2 mm
2
, ρ is the density of aluminium, 2700 kg/m

3
, E is Young‘s modulus, 69 GPa and 

I is the moment of inertia, 2.3 10
−10

 mm
4
. 

The lowest occurring natural frequency for this system occurs for the first mode, and for a 

charge equal to the buckling limit, is 184 rad/s, this is equivalent to a rotational speed of 

around 1758 RPM. Resonance is expected with an RPM in this order. 

The natural frequency of longitudinal vibrations can be estimated using equation: 
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  √
 

 
   (  √

 

 
)  

   

 
 

m is the weight of the drill pipe, 0.060 Kg, and M is the weight of the BHA and the drill bit, 

0.5 Kg, this result:           , this is equivalent to a rotational speed of around 17 894 

RPM, this is far out of the range of operating rotational speeds, axial resonance is therefore 

not expected.  

   From these results, it can be concluded that resonance will probably occur because the 

natural frequency of lateral vibrations is not much higher than the expected operating 

frequency. 

 

VI. Electrical system  

 

VI.1. Top drive motor 

 
The Top Drive system shall consist of a brushless DC 

(BLDC) motor. 

  

     Brushless DC electric motor (BLDC motors, BL 

motors) also known as electronically commutated motors 

or synchronous DC motors, are synchronous motors 

powered by DC electricity via an inverter or switching 

power supply which produces an AC electric current to 

drive each phase of the motor via a closed loop controller.  

 

      The controller provides pulses of current to the motor 

windings that control the speed and torque of the motor. 

 

 

- Construction Of brushless motor 
 

     The construction of a brushless motor system is typically similar to a permanent magnet 

synchronous motor (PMSM), but can also be a switched reluctance motor, or an induction 

(asynchronous) motor. 

 

- Why did we choose this motor: 

 
     There are several advantages and features that only a BLDC motor can offer, including: 

high speed and efficiency, precise and easy electronic control of torque and speed, low rotor 

inertia and small size. The low inertia and precise torque control allow the motor to respond 

faster to changes in demand. 

 
 

 

Figure 16 Brushless motor 
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VI.2. HOISTING SYSTEM 

     
      The hoisting system does need to be fast as there is no need to 

trip in or out of the borehole. However, it should be precise. To 

obtain a high position accuracy, we propose to use a stepper 

motor (NEMA34 MST34xx3). 

 

Characteristics: 

 

 Length: 87 mm 

 Torque: 3Nm – 9Nm 

 

Why did we choose this motor? 

 

• Highest torque density rating in the industry 

• High torque-to-inertia for faster start and stop 

• Rugged design and long-life bearings 

• High power, cooler running, rare-earth magnet design 

• Facilities for encoders, double shaft, different shaft types, etc. 

• Low noise Option for planetary gearhead 

 

     Also, for an easier position control and monitoring (Stepper motor position is proportional 

to depth of rigging which can be used to determine ROP) NEMA34 stepper motors offer high 

efficiency, low vibration and incorporates an internal Mechanical Absolute Encoder for 

absolute-type positioning without battery back-up or external sensors to buy. It offers the 

option of "Hybrid Control System" by constantly monitoring the motor‘s position, allowing 

for the benefits of open loop control while providing the assurance of closed-loop 

performance. 

 

VI.3. Motors control system 

 
     What‘s most important and required in motors control in our control system design is the 

speed and torque control for the top drive motor and position control for the hoisting system 

stepper motor: 

 

Top drive motor: 

 
     The Brushless DC motor control requires knowledge of the rotor position and mechanism 

to commutate the motor. For closed-loop speed control there are two additional requirements, 

measurement of the motor speed and/or motor current and PWM signal to control the motor 

speed and power. 

 

BLDC motor identification 

 
     BLDC motors speed and position are quite easy to control and have adjustable range to 

follow a particular reference under load. we preferred to use BLDC motors over AC motors 

Figure 17 stepper motor 
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because they‘re suitable for this application since they are very efficient and the ease of 

controller implementations, since their mathematical model is easy to obtain.  For an accurate 

controller design, a good mathematical model is required in order to obtain desired 

performances under high disturbance conditions. 

 

     Thus, to avoid modelling accuracy issues, we‘ll be applying system identification methods 

to obtain BLDC motor model and parameters which will give more concise estimate of the 

physical motor model than the standard mathematical modelling. 

 

     To sense the rotor position BLDC motor, the most used sensors are Hall Effect sensors 

which provide absolute position sensing. Which results in more wires and higher cost.  

      

     Sensorless BLDC control eliminates the need for Hall effect sensors, using the back-EMF 

(electromotive force) of the motor instead to estimate the rotor position. 

 

Sensorless control 

 
     Sensorless BLDC motor control—sometimes called sensorless trapezoidal control of 

BLDC motors—uses back EMF (BEMF) for determining the location of the motor‘s rotor 

(the motor‘s rotating part) with respect to the motor‘s stator (the stationary part). 

 

      Sensorless control is essential for low-cost variable speed applications such as fans and 

pumps. Refrigerator and air conditioning compressors also require sensorless control when 

using BLDC motors. 

 

     Controlling a motor by means of back EMF is not a simple task; most sensorless BLDC 

motors are controlled using a microcontroller, a digital signal processor, or a dedicated driver 

IC. The figure below shows a typical sensorless BLDC motor driver. 

 

 
Figure 18 Controlling the motor 

 

Disadvantages of Sensorless BLDC Motor Controllers: 

 
     When the rotor of a sensorless BLDC motor is rotating, its sensorless scheme can work 

perfectly. However, this is not the case when the motor‘s rotor is stationary, and this leads us 

to one major disadvantage of using sensorless BLDC motors. When the motor‘s rotor is not 
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turning, no back EMF generated. Without back EMF, the drive circuitry lacks the information 

it needs to properly control the motor. 

 

     Another disadvantage of using sensorless BLDC motors is related to the relationship 

between back 

EMF and angular speed. Lower speed means less back EMF, and consequently Hall-effect 

BLDC motors might be more effective than sensorless BLDC motors in low-speed 

applications. 

  

     Because of the several disadvantages sensorless BLDC motor control has, we‘ve decided 

to make a feedback BLDC motor control based on both sensors and estimators to design an 

accurate and reliable controller since we‘ll need to both monitor and control with accuracy 

both torque and speed of the Top drive motor. We‘ll be discussing sensors we‘ll be using and 

also the control architecture we‘ll be using in the next sections. 

 

VI.4.Instrumentation and Sensors 

 

Hall effect sensors: 
     Hall effect sensors are the most common type of sensors used in BLDC motors. The Hall 

effect sensor is a transducer that varies its output voltage in response to a magnetic field 

(sensing switch that outputs a logic level based on the detection of a magnetic field). Hall 

effect sensors are very efficient and economical and because of the permanent magnets inside 

a BLDC motor are easy to install inside the motor. 

 

     Advantage of the hall sensor is its semi-conductor based and also contact less sensing. 

Also, Hall sensors guarantee a real-time monitoring of the speed and current in the motor 

while the commutation process is running, which makes it easier to control the speed and 

torque of the motor. 

 

 
Figure 19 control 
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Revolutions Per Minute (RPM) 

 
     The BLDC motor speed is directly proportional to the voltage applied to the stator. While 

commutation keeps the magnetic flux vector rotating, the speed at which the actual rotor is 

forced to the next position is determined by the strength of this magnetic force, and this is 

determined by the voltage applied to the stator windings. 

 

     The Hall effect sensors that are used to detect the position of the rotor are also used to 

detect speed by measuring the time it takes for the sensors to switch. By using PWMs at a 

higher frequency than the commutations, the amount of voltage applied to the stator can be 

easily controlled, therefore the speed of the BLDC motor can be easily controlled. 

 

Torque: 

 
     Monitoring the Top Drive motor Torque is primary in our design thus it‘s very important 

to measure with high accuracy. A BLDC motor Torque can be indirectly sensed using its 

relationship with the current consumed by the motor. the current can be measured individually 

for each of the three phases or as an average in the DC bus feeding the motor. The 

measurement of torque in the DC bus is simpler because it requires only one ADC channel 

and the software resources to treat this single channel. This simplicity is the reason why we‘ll 

be using this approach. 

 

Current Hall effect sensing: 

      
For the current measurement approach, we‘ll be using a non-contact Hall effect current sensor 

(Allegro MicroSystems Hall-effect and GMR current sensor) around one of the motor phase 

wires, we‘ll be adding a Low-pass filter between the motor electrical frequency and the 

controller PWM frequency, and will also be sampling it with an ADC. That should give us an 

accurate measurement of RMS motor current which is ideally proportional to the motor‘s 

torque. We‘ll also be using a current Observer / Estimator technique (used in control 

engineering)  for better accuracy. 

 

     Torque can be easily controlled by reducing stator voltage when the torque load of the 

motor is higher than indicated. 

 

Rate of Penetration (ROP) 

 
      The rate of penetration (ROP) can be calculated by measuring the total depth drilled and 

diving the value by the total time taken to drill the depth. Since the well planned is a vertical 

well, it‘ll suffice to place a linear position sensor such as LVDT (Linear Variable Differential 

Transformer) to measure displacement. 

 

       ROP can also be determined using the stepper motor‘s position measured by the rotary 

encoder placed on it, since its position (angle of rotation) is directly proportional to the rate of 

depth drilled which has to be divided by the time that was taken to drill that depth to get the 

rate of penetration. We‘ll be using both sensors in our design for better measurement results. 
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Weight-on-Bit (WOB) 

 
     The measurement of the weight on bit will be done by 

using a strain gauge load cell which is a force transducer that 

converts force into measurable signal (voltage), the load cell 

will give the value of the tension applied on the drill line of 

the hoisting system which is directly related to the weight 

applied on the bit. 

 
     Weight on bit measurement needs to be precise and 

efficient since it‘s a major parameter in our design system to 

both monitor and control. 

 

Downhole sensors (BHA) 

 
Accelerometer: Vibrations in the drill pipe is the performance limiter of ROP optimization 

thus it‘s a required parameter to measure. In order to measure vibrations in the BHA we‘ll be 

using a tri-axial accelerometer that works on the principle of the piezoelectric 

effect. Its main use is to monitor the amplitude of vibrations, also the data 

obtained from the accelerometer will be used to measure the drilling 

performance of the rig and determine if it is experiencing abnormal 

downhole vibrations. 

 

Gyroscope : The gyroscope on the other hand will provide estimates of 

inclination and azimuth by measuring the angle of defection from the 

vertical. Since the verticality of the borehole is a very important factor during 

the competition, the use of the gyroscope is essential. 

 

GY-521 MPU-6050 6-axis IMU : 

The GY-521 MPU-6050 IMU (inertial measure unit) is a Six- Axis (Gyro + 

Accelerometer) MEMS sensor that combines a three-axis gyroscope and a three-axis 

accelerometer on the same chip. 

 

Specifications: 

 

• Gyroscope Range: up to 2000 °/s 

• Acceleration Range: up to 16g  

• Dimensions: 21.2mm x 16.4mm x 3.3mm 

• Includes a 3.3V voltage regulator 

 

 

ESP2866 Wi-Fi module: 

 

    To enable data transfer from the BHA we‘ve decided to use a 

small size NodeMCU ESP2866 12E Wi-Fi module to connect with 

the MPU-6050 IMU. 

     The external size of the module is 16mm x 24mm x 3mm which 

is enough to be placed on the BHA.   

 

 

Figure 21 sensors 

Figure 22 Wi-Fi module 

Figure 20 strain gauge load cell 
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Hydraulic sensors 

 
Pressure Transducer: 

      Pressure on the hydraulic lines will be monitored by using an 

analogue pressure transducer mounted behind the pump. 

  

 

 

Flow meter / sensor: 

      We‘ll use the YF-S201 hall effect base flow sensor is mounted in line 

with the circulating system fluid and contains a pinwheel sensor to measure 

how much liquid has moved through it. There's an integrated magnetic hall 

effect sensor that outputs an electrical pulse with every revolution. The hall 

effect sensor is sealed from the water pipe and allows the sensor to stay 

safe. 

 

Sensors Summary 

 

 
Sensor type Measurement Sensors name 

RPM sensor Motor speed Hall effect speed 

sensor 

Current sensor 

 

Motor current 

(Torque) 

 

Hall effect current 

sensor 

 

 

Position sensor 

(ROP) 

Stepper Motor 

position 

 

Rotary incremental encoder 

Linear displacement Linear variable differential 

transformer (LVDT) 

Weight Sensor Tension / Weight 

(WOB) 

 

Stain gauge Load Cell 

Gyro Bit orientation 

(vertical drilling) 

 

Six-axis Inertial measure 

Unit (IMU) 
Accelerometer Vibrations 

Flowmeter Fluid flow (Velocity) Ultrasonic flowmeter 

Pressure transducer Fluid pressure Piezoelectric pressure transducer 

Table 8 Sensors Summary 

 

Figure 23 analogue         
pressure transducer 
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VI.5.Control system 

 
     The control system we‘ve chosen is PLC based control while using LabVIEW in the 

supervisory role, which proposes using a Programmable Logic controller for I/O control and a 

computer for data collection and acquisition as the main hardware while at the same time 

using LabVIEW as software development platform,  

 

     We first thought of designing a PC-based data acquisition system, it is typically 

accomplished with one or more circuit boards that plug directly into the internal bus of the 

PC. Advantages of PC plug-in boards include low cost and high speed. The main 

disadvantages for such system include the need for external signal conditioning, difficulty 

connecting to sensors, low isolation and protection, poor noise rejection, and poor 

expandability.   

 
     Using a PLC eliminates these disadvantages for its long durability and reliability, also 

extra I/O can be added to acquire data from areas that don‘t require control, only monitoring. 

Data logging can be triggered by an event within the process or scheduled to occur at regular 

intervals. Also, once the data is collected, it‘ll be transferred to the PC for acquisition and 

monitoring.  

 

 

Data acquisition 

   
      The use of sensors and transducers is for sure to measure all the needed parameters in our 

autonomous design, these parameters are also converted into measurable electric signals 

(voltage) which are next transferred in to the PLC which is the main I/O control unit 

(centralized system). Then transferred to the computer via Ethernet protocol to exploit this 

data for different uses. The advantage of this system is that it can realize synchronous data 

acquisition, as well as real-time display and preservation., also since we‘ll be using LabVIEW 

it is known to not only effectively play performance of an ordinary data acquisition system, 

but also beautify interface through LabVIEW (for data visualization) which has powerfully 

visual HMI editor and graphical programming function. 

We have chosen Siemens SIMATIC S7-1200 PLC:  

 

 
Figure 24 PLC 
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     The sensors in the BHA communicate via WI-FI with a WI-FI module, which is connected 

to the serial RS232 interface of the PLC. All other sensors and actuators are connected 

directly to the digital and analog inputs and outputs of the PLC. The flowchart below resumes 

the architecture of our data acquisition system from sensors to PLC that will handle data for 

control, then the computer to handle the parameters for advanced control, monitoring and 

optimization uses. 

 

 
Figure 25 plc 

 

 

Top Drive motor control system 
 

Using a BLDC motor places high demands on a control algorithm and a control circuit. First, 

the BLDC motor is usually a three-phase system, so, it has to be powered by a three-phase 

power supply. Second, the rotor position must be known at certain angles in order to align the 

applied voltage (use of Hall-effect sensors).  

The BLDC motor control architecture we‘ve chosen is the one below: 

 

 
Figure 26 op drive motor control 
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Simulation and Control 
     The Top drive motor simulation and control were established using MATLAB/Simulink 

tool, the BLDC motor model was obtained from its physical (electrical and mechanical) 

equations. 

 

     As we previously mentioned the controllers we‘ve used in our design and simulation are 

three PI (proportional-integral) regulators, one for the BLDC speed ω and the other two for 

the currents iq and id of the two-phase model obtained using the Park transform to reduce and 

simplify the control. 

 

 
Figure 27 control diagram 

    The result we‘ve got after simulation were very remarkable, the figure shows the evolution 

of closed-loop motor RPM pursuing the changes of its reference. 
 

 

VII. Control system design: 

 

 

 

 

Figure 28 the evolution of speed 
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yes 

VI.6. Active system algorithm 

 

A simple and feasible active control system can be designed which will change the parameters 

on the basis of the vibrations measured from the sensors attached to the drill string. An initial 

set of parameters can be fed into the system. If the system is stable and the vibrations are 

negligible, we can program the system to change the drilling parameters in order to increase 

ROP.  

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

If the system is unstable with large vibrations, drilling parameters will be gradually decreased 

until the vibrations are mitigated. For the implementation of such systems, measurements of 

rotational speed, ROP, WOB, and torque along with feedback control system for rotational 

speed and WOB, are crucial. Algorithm-1, will be used to implement the system. 

 

 

 

 

No 

Initiate process using 

preset drilling 

parameters. 

Measure parameters 

and vibrations  

Mechanical values are 

under critical range 

Change parameters to 

decrease vibrations. 

Check if the 

parameters are 

optimized (MSE) 

Change parameter to 

increase ROP 

Continue drilling 

process without any 

change in parameters 

No 
Yes Vibrations under 

control  

Yes 

Reduce RPM and WOB 

Figure 29 Active system algorithm 
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Correct inclination 

 

 

VI.7.ROP Optimization 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, we have designed few control systems in this application. The most 

important one is the control system for ROP optimization.   

The 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 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.  

MSE can be mathematically expressed with total energy input and total rock volume removed 

as shown below.   

Figure 30 inclination 
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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    

    
                                                         

                    
 

And it can be expanded with WOB, RPM, Torque, ROP, and bit-diameter as 

shown below: 

    
     

     
  

            

    
     

 

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, and we can get this done by varying the three 

variables 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 inefficiently and 

that a dysfunction is present in the system.   

Beyond Point 2 (called founder‘s point), 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.  

The type of dysfunction can be diagnosed using MSE 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 

Figure 31 The bit is considered performing efficiently if 
ROP increase is proportionate to WOB 
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of time. The applicability of the dysfunction to our current application is also described 

below. 

VI.8.Autonomous control structure and optimization algorithm 

 

From the control viewpoint, the main objective behind optimization algorithm is 

getting our autonomous drilling machine to perform optimal operations in terms of rate of 

penetration and energy efficiency (MSE). While maximizing ROP is commonly desired, MSE 

minimization is more reliable for achieving high rates of penetration while avoiding 

potentially deleterious effects introduced during inefficient drilling. The drilling system 

controls the force applied to the rock by the bit, termed the weight-on-bit (WOB), and RPM. 

The interactions between the bit and the rock then determine the outcomes of the drilling 

process including: the torque between the bit and the rock, the linear velocity or ROP, and 

higher-level metrics including MSE, implies that our algorithm will be using real-time 

instrumentation data to optimize drilling parameters. Consequently, our approach uses an 

overall high-level control system (Where we‘ll be implementing our optimization algorithm) 

to generate desired set-points for both RPM and WOB. Low-level PI controllers are used to 

regulate these inputs resorting the corresponding actuators. Since we‘ve already implemented 

3-PI RPM/current controller with anti-windup for the Top drive motor (RPM-cascade 

control), we‘ll also be designing another PID controller to accurately adjust the amount of 

weight on bit (WOB) and avoid disturbances. It is to highlight that torque may exceed system 

limits under high WOB, causing the bit to stall. To avoid this issue, we‘ll be implementing an 

anti-stall controller to monitor torque. 
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Figure 32 Diagram of our autonomous drilling control system 

 

Advanced control and parameters estimation: 

 To ensure the quality of the parameters we‘ll be using during the optimization, we will 

implement a Kalman filter, which is the optimal estimator when the white noise has a 

Gaussian probability distribution. Kalman filter is known to have quite remarkable accuracy 

and performance in terms of accuracy and robustness.  

 As for improvements of our control system design, it is possible to replace our PID 

controller with more consisting and advanced ones, such as LQG (Linear Quadratic Gaussian) 

optimal controller, and MPC (model predictive control) that has the ability to anticipate future 

events and can take control actions accordingly. These controllers are compatible with the 

Kalman filter and combining them implies adding robustness and increasing the performance 

of our autonomous drilling system.  
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Figure 33 Model predictive control system structure 

 

Optimization algorithm: 

Simulated annealing: 

            Simulated Annealing (SA) is an effective 

and general form of metaheuristic optimization.  It 

is useful in finding global optimum in the presence 

of large numbers of local optimums.  The 

algorithm is basically hill-climbing except instead 

of picking the best move, it picks a random 

move.  If the selected move improves the solution, 

then it is always accepted.  Otherwise, the 

algorithm makes the move anyway with some 

probability less than one. 

                

Genetic algorithms: 

Genetic Algorithms is a metaheuristic method inspired by the theory of Natural 

Selection and is used to solve both constrained and unconstrained optimization problems. The 

algorithm starts with randomly selected variables in the initial generation of candidate 

solutions that are tested against the objective function.  

Selection: During each successive generation, a portion of the existing population (best 

performing variables) is selected to breed a new generation. 

Crossover: It consists of combining two favorable variables from the previous generation to 

create a new generation of population. 

Mutation: Here, one favorable parent from the previous generation is combined with one 

favorable child from the current generation to create an individual for the new generation. 

Figure 34 Simulated annealing method 

https://en.wikipedia.org/wiki/Selection_(genetic_algorithm)
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Using mutations (combining optimal results from different generations) helps to find the 

global optimum point and avoids the risk of the algorithm getting stuck in a local optimum. 

 

Figure 35 Illustration of Genetic algorithm method 

The benefit of using a Genetic Algorithm is that the risk of getting stuck in a local optimum 

point is eliminated. The problem is that it requires trying out many different combinations of 

variables for every generation of solutions and this may be too time-consuming for a small-scale 

drilling operation. 

 

WELLHEAD 

The wellhead design needs to accomplish two tasks: it 

must allow for cuttings and mud to be transported away 

from the hole, and it must be able to engage the 

stabilizers. This year‘s design will be an open-air design.  

In the open-air design, there is no seal between the 

wellbore and the atmosphere. A limited amount of 

pressure can be applied at the wellbore to increase the 

hydrostatic pressure. This design is simple by nature as 

there are no seals to worry about and no moving parts.  

For this reason, we felt that the open-air design was better 

aligned with the design goals of the wellhead, which were effective and simple. The 

schematics for the open-air design can be seen in the figure. As seen, the wellhead could 

easily be made from 1-1/4in PVC. 

 

 

 

 

Figure 36 The wellhead 
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VIII. Cost estimation 

 
Table 9 Cost estimation 

IX. Funding Plan 

 
     The cost of the rig and materials for 2019 Drillbotics competition is limited to 10,000 US$.we 

have tried to save as much as possible on our purchases to build an optimal machine in terms of 

performance and cost ratio. We will in particular try to manufacture the structure of this machine 

ourselves to reduce the cost and leave our mark. We will obviously take some materials available 

from us or at our university, which will be free. The proposed budget for this build is 

approximately 4000 US $ with ample room to cover additional expenses or alterations to the 

design. 

      However, the goal will be to attempt to get funding from relevant technology companies like 

a petroleum companies. The aim is to implement innovative technology inspired by other 

industries, which can make it possible to get in touch with a wider range of companies. This can 

be companies that are working with control systems, sensors, vibration analysis etc. 

     If we get selected to the second round, our strategy to finance the competition is as follows: 

 Our major sponsorship will come from the companies. Once we get selected for the 

second round, we can go to various companies and ask for funds. We already have a list 

of probable sponsors in place and we are continuously looking for sponsors. 

 We will seek help from Our university " Polytechnic school". 

 We will ask the help of our mentor Mohamed Ali Ibrahim Hassan and our Professor  

advisor Mourad ADNANE to guide us to find sponsorship. 
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X. Schedule 

 

XI. Conclusion 

    The work and the studies that have been made are due to the whole team working together 

besides all the difficulties that the team passed through. 

Most of the calculations are based on what we had learnt while for the rest we were obliged to 

search in the documentation which is difficult to get in this domain of oil and gas. 

    We did our best but not all because we had a lot of work to do in a short period of time and 

tough conditions. Although, we are pretty sure that our drilling machine can do the work that 

have be constructed to regarding the guidelines and the restrictions given (dimensions and 

other parameters) 

We insist in our report of the safety of the drilling process regarding to users and the 

environment around it, we did a general study to all the risk that can occur during the process 

of drilling. 

     We established even a strategy of work in the second phase (if we passed through the first 

phase) in order to realize all the work and the tests that should be done. 
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XIII. Technical drawings 
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