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Abstract 

 

Most rotary blasthole drills used in the mining industry today are equipped with automatic control 

systems. However, few, if any, implement closed-loop feedback control of the drilling process 

itself. This thesis investigates the potential for such control on a large rotary electric blasthole 

drill. The control strategy examined is Proportional-Integral-Velocity (PIV) control. The drill was 

successfully equipped with a data logger, and a comprehensive set of drilling data was gathered at 

an open pit taconite mine in northern Minnesota. This data set was used to model the dynamics of 

both the feed and rotary actuators. 

A drilling process software simulator, based on hydraulic blasthole drill data originally developed 

in previous work [Aboujaoude 1991], was successfully replicated in Simulink, and thoroughly 

documented, overcoming a major shortcoming in Aboujaoude’s work which provided incomplete 

information on the simulator implementation. The control strategy from the previous work was 

successfully integrated with the new process simulator, and its performance validated by 

comparison with the results presented in the previous work. 

The drilling process simulator was then modified by replacing the actuator dynamics with the 

models identified for the electric drill. The modified simulator was validated, and the behaviour of 

the system with the new actuator models while under feedback control was observed. The 

controller gains were re-tuned to achieve acceptable drilling performance with the new actuator 

models. This resulted in a prototype controller ready for field testing on the large rotary electric 

blasthole drill. In addition, this thesis has produced a fully documented drilling process simulator, 

suitable as a platform for future research. 
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Chapter 1 

Introduction 

 

1.1 Drilling & Blasting in Surface Mining 

The first step in any type of hard-rock mining is drilling. This is illustrated by the well-used 

phrase which describes mining as a ‘drill-blast-muck’ cycle. In hard-rock mining the material to 

be mined is too hard to excavate without first being fragmented. Holes are drilled into the material 

and then loaded with explosives. Once the explosive laden holes are detonated the ‘drill’ and 

‘blast’ portions of the cycle are complete. The now fragmented material can be excavated, or 

‘mucked’, using heavy equipment. Since the process must be repeated many times during a 

successful mining operation, it is a cycle. While the cycle is essentially the same for both 

underground and surface (open pit) mining, this thesis deals exclusively with drilling equipment 

and techniques designed for surface mining, and therefore underground mining will not be 

considered. 

Before drilling can take place a blast pattern must be laid out (designed) by a mining engineer. 

The blast pattern is dictated by a number of factors; desired bench height, existing geology, type 

of ore being mining, required rock fragmentation, etc. The blast pattern defines the location of 

each hole (usually using GPS coordinates for accuracy), the hole depth, the hole diameter, and 

hole spacing. The size of each blast, in terms of number of holes and amount of explosives, is 

usually dictated by the desired production levels the mine wishes to maintain. 

Once a completed blast pattern is passed from the mine’s engineering department to the 

operations department, a large blasthole rotary drill is relocated to the bench which is to be 

blasted. The drill will typically have an onboard GPS (Global Positioning System) which the drill 
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operator will use to accurately position the drill at the desired hole locations. If an onboard GPS 

system is not available, the blast pattern will have been previously marked by the mine’s 

surveyors. Depending on the size of the blast pattern, a drill could be drilling one bench for 

anywhere from a single shift to several days. A drill working on a blast pattern can be seen below, 

in Figure 1. 

 

Figure 1: Blast pattern being drilled 

 

The completed holes are filled with explosives. The explosives are in liquid-slurry form and are 

pumped into the blastholes from a tank mounted on a truck. Often, this is done at a previously 

drilled portion of the same bench on which the drill is working but, of course, only when safe to 

do so. No one, except for the blasting crew, can enter an area with loaded holes. The holes are 
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then wired and sequenced according to the design of the blast pattern. A blast will then take place 

at the mine’s earliest convenience, taking into account production sequencing and scheduling 

constraints. 

Now that the material has been fragmented to a suitable size, it can be extracted using a variety of 

excavation equipment such as electric cable shovels, hydraulic shovels or front end loaders. The 

most commonly used machine in open pit mining is the electric cable shovel. This type of shovel 

works back and forth along the edge of the blasted bench. Paired with a fleet of large mining 

trucks, this has proven to be an extremely efficient mining method. The loaded trucks then take 

the mined material to mill where it is processed and the valuable minerals are extracted from the 

waste rock and further upgraded. An electric cable shovel working in combination with haul 

trucks can be seen in Figure 2. 
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Figure 2: Electric cable shovel paired with haul truck 

1.2 The Focus of This Thesis – the P&H 120A Blasthole Drill 

The surface mining industry is served by a handful of drill manufacturers offering a range of drills 

for different operating conditions and applications. The experimentation and research for this 

thesis was focused on the P&H 120A rotary blasthole drill. This section provides a brief overview 

of the 120A drill. Figure 3 illustrates this machine with some general dimensions. 
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Figure 3: P&H 120A rotary blasthole drill 

 

The drill mast utilizes a lattice type construction of alloy steel material and gives a single pass 

drilling depth of 65ft. The mast is raised and lowered using two 10.5 inch diameter hydraulic 

cylinders. One parallelogram style pipe rack is standard with the machine but up to four can be 

included as an option. Each additional pipe rack allows for an increase of 65 feet of drilling depth. 
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The 120A can accommodate a pipe size range of 8 5/8 inch to 16 inch diameter. The drill hole 

diameter for this machine can reach a maximum of 22 inches. 

The main air compressor on the 120A is a rotary screw type that provides a rated output of 3,600 

scfm. A flexible coupling has been used to allow for smooth operation when coupled to the main 

electric motor. 

The hoist and pulldown system uses chainless rack and pinion design, driven by a d.c. electric 

motor. The maximum bit loading that can be achieved is 150,000 lbs. Maximum feed rate is 80 

fpm (into the hole) and, similarly, maximum hoist rate is 80 fpm (out of the hole). 

A dual d.c. electric motor drive design is the 120A’s primary rotary machinery. A rotation speed 

range of 0 – 120 RPM is standard with two options of 0 – 101 RPM and 0 – 138 RPM offered. 

The standard gear ratio allows for a maximum torque of 25,000 ft-lbf while optional gear ratios 

give 22,000 ft-lbf and 30,000 ft-lbf, respectively. 

The onboard electrical control systems include an Allen Bradley PLC – SLC ladder logic-based 

control with remote I/O and a 15” touch screen GUI (Graphical User Interface). The incoming 

power supply voltage is 7200V, 3 phase, 60Hz or 6600V, 3 phase, 60Hz depending on the 

infrastructure at the mine. The recommended supply transformer is rated at 1 MVA Continuous, 5 

MVA short circuit. 

When in propel mode the P&H 120A drill can reach a maximum speed of 1.0 mph in high gear 

and 0.6 mph in low. This is accomplished with the use of a 310 hp dual hydrostatic planetary 

drive with spring set and hydraulic release brake. The lower works are rated for a gradeability of 

60%. The standard shoe width is 36 inches (giving a 21 psi ground bearing pressure) but options 

of width 44 inches (17.2 psi) and 54 inches (14 psi) are offered. 



7 
 

Before drilling can commence the machine must be levelled to ensure that the drill hole does not 

deviate from the planned blast pattern. This is accomplished using the levelling jacks on the 

machine. There are four levelling jack cylinders that are 9” diameter x 66” stroke. The jack pads 

themselves come in the standard 30” (129 psi ground bearing pressure) or the optional 50” (46 

psi). An optional ‘Auto Level’ feature is offered. This allows the operator to simply have the 

machine level itself when in place over a drill hole location with the push of a button. Depending 

on the operator’s proficiency, some productivity improvements may be realised by this optional 

feature. 

1.3 Drilling Control 

In the mining industry, as in other industries, there is a direct correlation between productivity and 

profits. After years of constantly improving existing mining methods, a point has been reached 

where it is increasingly difficult to achieve incremental improvements in efficiency and 

productivity. Due to this, mining companies have increasingly looked to technology as they 

attempt to enhance productivity, including through increased automation. A logical first step 

towards surface mining automation is drill automation. Not only is drilling the first step in the 

mining cycle, but the drill is also a very attractive candidate for autonomous operation due to the 

fact that the bulk of its working time is spent in a very fixed position. 

The process of drilling a single blasthole at Minntac (our test location near Hibbing, Minnesota) 

can be outlined as follows: 2-3 minutes for tramming and positioning over the blasthole, 1 minute 

for levelling the drill, 3-5 minutes for collaring of the hole (depending on ground conditions), 20-

40 minutes actual drilling time (depending on ground conditions), and then 1 minute to unlevel 

the drill in preparation for propelling to the next hole location. This outline assumes that the drill 

is already situated on the bench that contains the blasthole pattern. If we were to include 

tramming around the entire open pit these time values would change dramatically. Since this 

thesis focuses on drilling control, other aspects of drill autonomy will not be addressed. 
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Collaring the hole refers to starting the hole. The first few feet of a bench often consists of 

inconsistent, unpredictably fragmented, fractured, or broken material. The driller must approach 

this layer of material with care and caution. It is important to both protect the machine and also to 

ensure the hole is drilled accurately. Typically a hole is collared with a lower rotary speed and 

much lower feed rate than is used in the normal drilling section of the hole. Collaring can last 

anywhere from approximately the first 3 to 10 feet of the hole. This depends on the range of 

broken and inconsistent material at the surface of the bench. When to stop collaring and start 

drilling is at the operator’s discretion. He or she usually bases this on a visual inspection of the 

bench, personal experience, previous holes on the same bench, and (of course) the unquantifiable 

‘feel’ of the machine. 

The main benefits that may be realized by a mine site instituting proper drilling control are tied to 

cost-savings. These cost-savings are based around the fact that a drill control algorithm can 

outperform a human operator during normal operation. Drilling control allows the drill to operate 

in its most efficient manner by always operating the machine at the maximum acceptable torque 

limits. Drilling control also can respond to transitions in rock type faster than a driller, which 

further enhances machine efficiency and, in-turn, cost-savings. 

The approach for drilling control taken in this thesis is to leave collaring in the hands of the 

operator and implement feedback control for the drilling portion of the hole. The controllable 

variables are rotary speed, feed rate, and weight-on-bit (WOB). These concepts will be explained 

and explored in depth in later chapters. 

1.3.1 Basis for Comparison 

Simulation, modeling, and control of a large rotary blasthole drill has been explored in a previous 

Master’s Thesis [Aboujaoude 1991] at McGill University. However, that research was focused on 

an older (now outdated) blasthole drill with hydraulic (as opposed to electric) motors and drives, 
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and the computing power of 1991 was limited compared to our current capabilities. This thesis 

will replicate that thesis’s simulation, and use it as a basis for comparison. 

1.4 Thesis Methodology 

Firstly, the existing actuators and control system on the P&H 120A drill were examined in detail. 

Previous academic and industrial work related to drill control was thoroughly reviewed. Field 

testing was then performed, at which time several predesigned experiments were conducted. 

Through these experiments, data was gathered with which the P&H 120A’s actuator dynamics 

could be accurately modeled. Using previously obtained geological data, and the newly modeled 

machine dynamics, a computer based simulation of the drill interacting with different rock types 

was constructed. A drilling controller was then created and implemented in the simulation. The 

controller was then tuned and tested. Its advantages and limitations were highlighted and 

explained. 

1.5 Thesis Overview 

An overview of previous work and current technologies being used by the drilling industry is 

given in Chapter 2. Chapter 3 explains the experimental testing that was conducted including the 

instrumentation and field test site geology. Data analysis, and the software used for it, is covered 

in Chapter 4. The dynamic responses of the P&H 120A are identified in Chapter 5. Chapter 6 

discusses the simulator and controller’s design and testing. The simulation results are given in 

Chapter 7. Chapter 8 presents the overall conclusions and recommendations for future work. 

(In the interests of completeness, and in order to facilitate replication of the results, full 

documentation of the simulator model implementation in MATLAB-SIMULINK is provided in 

appendices.) 
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Chapter 2 

Background and Literature Review 

 

2.1 The Drilling Industry 

The drilling industry encompasses commercial processes for mechanized drilling through 

geological material for the purpose of exploration, oil and gas production, or mining [Aldred 

2005]. Although the problem being explored in this thesis is mining related, some of the concepts 

and technology developed in the oil and gas industry are quite relevant. In addition, to a lesser 

extent, ideas developed from drilling in the manufacturing industry may also apply. Indeed, many 

of the papers referenced in this chapter, and in this thesis as a whole, have been generated by the 

oil and gas industry for the simple reason that it is a very profitable sector which funds a large 

amount of research. Fortunately, from a controls perspective, much of the technology produced in 

the oil and gas field is easily transferrable to the mining field. 

For a more detailed look at the surface mining process, and how drilling is a key aspect of that 

process, please refer to Chapter 1. 

2.1.1 Rotary Drilling 

Although rotary drilling is not the only form of drilling available (percussive drilling is widely 

used in underground mining, as well as for some specialized forms of drilling in surface mining) 

the machine on which all field work was conducted, and for which a simulator and controller will 

be developed, employs rotary drilling. In addition, the vast majority of the drilling done for 

production blastholes in open pit mining is of the rotary form. This is also typically true of drilling 

done for oil, gas and water wells [Aboujaoude 1997]. The type of drill bit used during the field 
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testing for this thesis, and most commonly used in industry in conjunction with rotary drilling, is 

the tricone bit [Aboujaoude 1997]. 

2.1.2 Tricone Bits 

Tricone bits get their name from their boldest feature; three conic shaped rollers lined with rows 

of tungsten-carbide inserts which each rotate freely about a fixed axis [Aboujaoude 1997]. This 

can be seen readily in Figure 4. Due to the demanding environment in which they operate, they 

must be engineered to be incredibly wear and failure resistant. It is also important that the bit 

yields consistent performance over the course of its life, so that stresses on the drill can be 

foreseen and kept to a minimum. 

A large amount of materials science and engineering effort is devoted to the design and 

manufacture of these bits. The material, meshing geometry, insert length, and tooth shape can all 

be varied to give optimum performance in whatever environment the bit may be operating. For 

example, a drill bit intended for a very hard rock application would be very different from one 

designed for a softer rock application [Warren 1984]. 
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Figure 4: A tricone bit used during field testing 

 

2.1.3 Rock Fragmentation 

The drill bit – rock interaction is one that must be well understood when trying to model the 

drilling environment. Although a slight shearing action may occur in soft rock formations, drilling 

generally crushes the rock when the drill bit inserts create an indentation due to both weight-on-

bit (WOB) and rotary action. Since there is space between the rows of teeth on tricone drill bits, 

this gives the crushed material an opportunity to chip and spall away. These rock chips are then 

blown out of the hole by air (or some fluid) being constantly pumped down through the drill 

string and out and up from the centre of the tricone bit. This allows material to be removed from 

the hole without the requirement of reducing it into small grains, saving both time and energy 

[Clausing 1959], [Hartman 1959], [Simon 1959]. 
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Figure 5: Crater formation mechanisms [Aboujaoude, 1997] 

 

2.1.3.1 R/N Drilling Control 

One approach to controlling drilling is that of   ⁄  Control. This control strategy is very much 

dictated by the height of the cutter tooth on the drill bit. The ratio of penetration rate (R) to rotary 

speed (N) is constrained by the drill bit’s tooth height. The basic concept is that if the penetration 

rate-per-revolution of the drill bit is kept below the tooth height, this will prevent burying of the 

bit and, therefore, ensure efficient drilling. If the bit is buried, clearing of material away from the 

bottom of the hole will not occur efficiently, leading to regrinding of the rock and, in turn, to 

energy inefficiency and slower drilling. This can also lead to, or exacerbate, potentially damaging 

vibrations of the drill’s structure [Aboujaoude 1991]. 

2.2 Drilling Vibrations 

Although drilling vibration is not the primary focus of this thesis, it still must be touched upon for 

one simple reason: vibrations, above all else, have the potential to do the greatest amount of 

damage to both the drill and the operator [Jardine et al, 1994]. Anyone who has ever been on a 

drill when extreme vibrations occur can attest to this. That being said, vibrations also have great 

potential to be used as an indicator of geologic material, inefficient drilling, drill bit failure (and 

remaining life), and as an invaluable input for drill control software [Branscombe 2010]. 

Vibrations are also a source of significant cost to the oil and gas industry. Studies have estimated 

that 2% - 10% of all oil well costs go toward dealing with vibrations [Jardine et al, 1994]. In 

addition, there is a prevailing myth with some drillers that vibrations actually benefit the drilling 
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process and will make for faster hole times. Speed is high on operators’ list of priorities, as it 

often dictates whether they take home a hefty bonus or not. It is important to dispel this notion 

that potentially damaging vibrations may also benefit the drilling process [Jardine et al, 1994]. 

Since, as stated previously, the purpose of this thesis is to explore and expand upon drilling 

control, solutions to drilling vibrations will only be touched upon and modeling and simulation of 

vibration will be left for future work. However, as drill vibrations have been identified as a 

potentially useful feedback input to a drilling control system, it is still important to take the time 

to understand the types of vibrations. 

2.2.1 Types of Vibration 

Drilling vibration can be grouped into three different categories; transverse, axial, and torsional 

[Jardine et al, 1994]. These are in obvious reference to the direction on which the vibration acts 

on the drillstring. The three types of vibration can be seen in Figure 6. 



15 
 

 

Figure 6: The three modes of drillstring vibration [Jardine et al, 1994] 

 

Each of these vibrations not only acts in different directions but varies in potential severity. Each 

of these modes can be identified by the different ways in which they are detectable and the type of 

damage they will inflict. Axial vibration will cause bit bounce and overall rough drilling, resulting 

in reduced bit life, increased drilling time, and damaged bottom hole assemblies (BHA). Torsional 

vibration leads to irregular drill rotation and can easily be identified by fluctuating power and 

torque under nominally constant rotation speed, resulting in damage to the drillstring as well as 

the bit, and increased drilling times. Lastly, transverse vibrations are the most destructive. These 

can occur with little to no indication at surface. They are caused by the BHA interacting with the 

wall of the borehole. It is transverse vibrations that make the downhole drilling environment one 

of the harshest [Jardine et al, 1994]. 
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Transverse vibrations can further be split into two types: transient and stationary. Transient would 

be the result of moving from one geological rock type to another. These vibrations would occur 

due to the difference in physical properties between the two layers of rock. In contrast, stationary 

vibrations are caused by the natural resonance of the drillstring [Jardine et al, 1994]. 

One of the most common and easily identifiable causes of stationary vibration is the stick-slip 

phenomena. Stick-slip is caused by the friction between the BHA and the borehole wall. As the 

drillstring becomes stuck against the borehole wall (the stick phase), the friction causes the bit to 

stop rotating. Since the drill is still applying a rotary torque to the BHA, energy begins to 

accumulate until there is enough to overcome the frictional forces and the bit once again begins to 

rotate, only at a much greater speed than originally selected (the slip phase). This accelerated 

speed continues for several seconds until eventually slowing and going back into a stick phase. 

The process then continues to repeat. The stick-slip phenomena results in a harmonic torsional 

oscillation along the length of the drillstring [Jardine et al, 1994]. The drillstring is very spring-

like in nature and the oscillations will have a period that directly relates to the length of the 

drillstring. A useful diagram which illustrates the idea of thinking of the drillstring as a mass-

spring-damper system is shown in Figure 7. 
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Figure 7: Rotary drilling model [Abdulgalil et al, 2004] 

 

Where the equation of motion from Figure 7 is: 

   ̇               (  ) 

Equation 1: Equation of motion from Figure 7 [Abdulgalil et al, 2004] 

 

and where        ,     ̇  and     ̇   

and the other variables are defined as: 

   is the angular displacement of the bit 
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   is the angular displacement of the rotary table 

   is the equivalent of mass moment of the inertia of the collars and the drillpipes 

   is the equivalent viscous damping coefficient of BHA 

  is the spring stiffness assuming that the drillstring is homogenous across its entire length and 

can be modeled as a single linear torsional spring 

     is a nonlinear function which will be referred to as the torque on-bit [Abdulgalil et al, 2004]. 

Where the mechanical behaviour of the drive system is dominated by three components: the 

rotary table, a bevel gearbox with combined gear ratio of 1 :   , and an electric motor. The 

equations of this system are given as: 

         
    

Equation 2: First component of the mechanical behaviour of the drive system [Abdulgalil et 

al, 2004] 

 

   ̇             

Equation 3: Second component of the mechanical behaviour of the drive system [Abdulgalil 

et al, 2004] 

 

            

Equation 4: Third component of the mechanical behaviour of the drive system [Abdulgalil 

et al, 2004] 

 

where, 
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   represents the inertia of the rotary table (    ) augmented with inertias of the electric motor 

(  ) and the transmission gear box ratio of the real system 

   is the viscous damping of the rotary table 

     is the desired velocity of the bit 

   is the torque delivered by the motor to the system [Abdulgalil et al, 2004]. 

Lastly,       

where, 

  is the motor current 

  is the motor constant multiplied by the transmission ratio, such that       [Abdulgalil et al, 

2004]. 

Vibrations of all three types may occur during rotary drilling and are more violent in vertical or 

low-angle wells, where the drillstring may move more freely than in high-angle wells [Jardine et 

al, 1994]. This is important to note, since all open pit mining applications use vertical or near-

vertical boreholes, albeit very shallow ones (40 – 60 feet in depth in the case of the field test data 

gathered in this thesis). 

2.2.2 Potential Solutions to Vibration 

There are several new proposed technology based solutions to drillstring vibration. The solutions 

which will be briefly discussed in this subsection are: minimize the potential for wall contact, 

eliminate surface rotation, and minimize vibration using downhole equipment. 

Minimizing wall contact will help to limit transverse vibrations. It is important to make sure that 

the drillstring does not contain long unstabilized spans which have the potential to bend easily and 

encourage transverse vibrations [Jardine et al, 1994]. 
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If surface rotation is eliminated or minimized this will limit torsional and transverse vibrations of 

which drillstring rotation is a leading cause. This can be accomplished by utilizing downhole 

drillstring motors so that lower RPM can be passed down from surface with the same drill 

performance occurring [Jardine et al, 1994]. This solution is not as applicable in the mining 

setting where the drillstring is significantly shorter than in an oil and gas setting. 

The use of specialized downhole equipment to reduce vibrations is also a possibility. There are 

currently three different technologies that have shown significant promise. The first is shock 

guards, which works not unlike a car’s shock absorbers. The drillstring is equipped with an 

arrangement of springs and act to limit bounce which, in turn, limits axial vibration [Jardine et al, 

1994]. 

Secondly, antiwhirl bits act to eliminate bit-whirl which is a leading cause of transverse vibration. 

Bit-whirl is characterized by the bit’s instantaneous center of rotation moving erratically around 

the work face during drilling – so that the centre of the bit does not coincide with the centre of the 

hole [Jardine et al, 1994]. Antiwhirl bits are designed so that the cutter inserts create a radial force 

that pushes one side of the bit against the borehole wall. This side of the bit is equipped with an 

anti-wear plate that has a much lower coefficient of friction. Due to the low coefficient of friction 

on the side of the bit being driven toward the wall, the bit will continue to slide at the borehole 

wall and not swirl erratically [Jardine et al, 1994]. This is illustrated in Figure 8. 
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Figure 8: An antiwhirl drill bit in action [Jardine et al, 1994] 

 

Lastly, magnetorheological (MR) fluid has been getting a lot of attention for its ability to act as a 

damper in both the drilling and automotive industry. MR fluid is a suspension of fine iron 

particles in a fluid, generally oil. Under normal conditions, the particles have no effect on 

viscosity but in a magnetic field, the particles form long strings, greatly increasing viscosity 

[Ammer 2004], [Cobern 2006]. Ferrari had been working with this technology and had conducted 

testing on an automobile by equipping each wheel with a fluid filled damper. The viscosity of the 

fluid could be changed via electric signal almost instantaneously. Ferrari reported reductions in 

vertical excursions on bumps by 30% [Cobern 2006]. This technology has been adapted to be 

used in a drilling application as a downhole damper and field testing is ongoing. 
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2.2.3 Potential Uses for Vibration 

Although the preceding sections have identified the types of vibration and potential damage that 

they can cause this is not to say that vibration is completely undesirable and without use. Some 

research has shown that it is advantageous to induce and use vibration on percussive-rotary drills 

[Batako et al, 2002]. That research has been attempting to use the energy stored in the stick-slip 

phenomena to aid in the percussive force of the drill. Since the drill examined in this thesis does 

not use percussive force to drill this concept is of little use for our purposes. 

The main desired use of drillstring vibrations is as an input to a control system. Ever since the 

start of the drilling industry operators have used vibration as a means to ‘know’ or ‘feel’ what 

adjustments must be made on drilling inputs. However, due to the complex nature of vibrations it 

is very difficult to program a computer with an array of sensors to match the abilities of a skilled 

operator [Aboujaoude 1991]. It is anticipated that vibration can be used, even in a limited manner, 

as one of many useful inputs to a control system [Branscombe 2010]. Work is ongoing to better 

model, simulate and, in the end, to better understand all of the vibrations that occur during drilling 

in both the oil and gas industries. 

2.3 Drilling Automation 

Mining, like almost every other industry, has been striving to automate more and more of its 

processes. If we can use the automotive industry as an example and examine the rapid rise in the 

level of autonomy and robotics over the last 40 years it is apparent that ‘revolutionary’ change is 

actually the cumulative effect of years and years of incremental changes [Payne 2003]. In mining, 

as in oil and gas, one such opportunity for incremental change is drilling automation. 

2.3.1 Requirements 

Automated computer systems have many advantages for real-time abnormal situation detection in 

drilling. Automated systems are capable of continuously monitoring more variables with greater 
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accuracy and faster response than human beings [Saputelli et al, 2003]. To fully realize the 

advantages, however, an automated diagnosis system must be able to: 

1. Access real-time data, 

2. Intelligently interpret data, 

3. Communicate with human decision-makers, and 

4. Initiate corrective actions [Saputelli et al, 2003]. 

We should note that the proposed automated drilling system still requires assistance from human 

operators and, in this way, is a somewhat conservative system, albeit realistic with respect to 

autonomous decision making. While it would be nice to have drills that would operate 

continuously without ever needing human assistance (other than scheduled maintenance), this is 

unlikely for the foreseeable future. A more realistic, and still quite appealing, approach would be 

to have a fleet of drills operating continuously at a mine site and have an operator in a control 

room somewhere at the mine to oversee the process. The operator could continually observe the 

machines while they accomplish routine drilling and would be prompted for assistance only when 

a very complicated situation arose which the logic would not be able to handle with confidence. 

We should note that in such a system human interaction would be required for maintenance, and 

also when moving the drill from one drill pattern to the next. 

We are already at a point where Step 1 is satisfied. Accessing real-time data is not too great a 

challenge currently on the machine. Usually it is electing which data to record which is the 

challenge. As will be seen later in this chapter, with the current technology available real-time 

data collection is almost limitless for our application. 

Step 3 and 4 – communicate with human decision makers, initiate corrective action – is also quite 

readily accomplished. Long distance control of machines has been done for quite some time in 
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both the underground mining industry (remote operation) and in space exploration (subsurface 

planetary exploration) [Glass et al, 2006]. 

It is Step 2 – intelligently interpreting data – where the real challenge of the 4 steps comes into 

play and, also, where the focus of much of this thesis lies. 

2.3.2 Future Opportunities and Ideas 

2.3.2.1 Telemetry Drill Pipe 

With recent advances in drilling technologies, data acquisition and remote operability are very 

much realities in today’s world. A good example of this is the recent development of telemetry 

drill pipe (see Figure 9). Technology prior to the advent of telemetry drill pipe included mud-

pulse technology (used in oil well drilling) with data transfer rates of up to 12 bits/second and 

electromagnetic technology with data rates of up to 100 bits/second. Field testing has shown that 

transfer rates in excess of 1,000,000 bits/second can be realized with telemetry drill pipe [Jellison 

et al, 2004]. This new technology represents a step change up from previous downhole 

communication technology. 
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Figure 9: 'Intelligent drill pipe' [Jellison et al, 2004] 

 

As can be seen in Figure 9 the electronics providing the high-speed communication are built 

directly into the drill pipe. A major benefit of this internal housing is that it can be treated in 

almost the exact same way as traditional drill pipe. No added training or handling exercises for 

drillers are required. 

 

2.3.2.2 Specific Energy of Rock to Predict Penetration Rate 

From a controls perspective one of the great ‘unknowns’ in the drilling system is the geology of 

the material we are drilling through. This is the main reason why drilling is a great challenge to 
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dynamically control: it is a non-linear system. If we had a way of ‘knowing’ what material we 

were going to be drilling into at given times and when that material would be changing it would 

be simpler to control and optimize the process. 

One approach to better understanding exactly what type of geology we are dealing with is to use 

the energy that is being applied by the machine to the drilling process to find the specific energy 

of the material being drilled through. If we have a measure of this specific energy, both the type 

of material and the best approach with respect to modifying WOB and RPM can then be inferred. 

A formula that can be used for this process is given below: 

   
 

 
 
        

   
 

Equation 5: Energy applied by the drill to the drilling process [Teale, 1965] 

 

Where,   = bit load 

   = drill bit area 

   = RPM 

   = torque 

   = ROP, [Teale, 1965]. 

 This equation accounts for both the energy used for the thrust force and the energy used 

for the rotary force. The information from this equation can then be used for two different but 

equally important purposes. The information can be used to analyze the drill bit’s performance or, 

as alluded to above, to analyze the geology of the soil and rock being drilled. 

If the goal is to analyze and critique bit performance, than several other equations are required. 

Since the original analysis was performed in Imperial units it is repeated here in the same manner.  
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Equation 6: Specific energy equation [Caicedo et al, 2005] 

 

Where,    = specific energy (psi) 

     = weight-on-bit (lbs) 

    = borehole area (in
2
) 

   = rpm 

   = Torque (ft-lbf) 

     = Rate of Penetration (
  

  
), [Caicedo et al, 2005]. 

Since most of the field data collected was done so at surface a bit-specific coefficient of 

friction ( ) is introduced so that torque (T) can be expressed as a function of WOB. 

    
 

      
 

Equation 7: Bit-specific coefficient of sliding friction (unitless) [Caicedo et al, 2005] 

 

Where,   = Bit torque (ft-lbf) 

    = Bit size (inches) 

   = Bit-specific coefficient of sliding friction (unitless), [Caicedo et al, 2005]. 

The concept of minimum specific energy must also be introduced. The minimum specific energy 

is defined as when the specific energy being delivered by the drill is equal to or approximately 

equal to the compressive strength of the rock being drilled. With this information, the maximum 

mechanical efficiency of any bit can then be found. 

      
      

  
     

Equation 8: Drill bit maximum mechanical efficiency [Caicedo et al, 2005] 
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Where,        = Rock strength (CCS), [Caicedo et al, 2005]. 

The bit torque of a certain drill bit drilling at a specified ROP can then be found by combining the 

specific energy formula and the maximum mechanical efficiency formula as given below 

[Caicedo et al, 2005]. 

  (
   

    
 
     

    
 )  (

  
     

     
) 

Equation 9: Drill bit torque equation [Caicedo et al, 2005] 

 

Substituting    in terms of maximum mechanical efficiency and torque as a function of WOB and 

rearranging for ROP gives: 

     
         

  (
   

        
 

 

  
)

 

Equation 10: Rate of penetration [Caicedo et al, 2005] 

 

Therefore, with the above equations the maximum mechanical efficiency, bit torque, and rate of 

penetration for any drill bit can be defined for any given compressive strength of material being 

drilled. With this information, evaluation of different bits and the selection of the most suitable bit 

for certain geological conditions can take place without actual use and evaluation of the bits 

required [Caicedo et al, 2005]. 

The second application of this information, to analyze the soil and rock being drilled, is of equal 

usefulness and value. Studies have proven the ability of analyzing drill performance data to define 

blasthole bench geology. The basic concept is that selected parameters are monitored to give drill 
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performance, this drill performance is then compared to borehole geophysical logging of the same 

mine bench, [Scoble et al, 1989]. Borehole geophysical logging is carried out at mine sites in the 

early stages of mining operations. They are used for exploration purposes or to better define the 

ore body and decide which mining approach is best. However, it is often expensive and not 

feasible to use geophysical logging as a means to define bench geology and make drilling easier 

to control and more efficient, since the benefits simply would not outweigh the costs [Scoble et al, 

1989]. 

If, however, during the normal operation of production drilling, data could be captured which 

would help to define the bench geology for later boreholes on the same bench, this could be quite 

beneficial. A McGill University led research study found that specific energy results using data 

captured by performance monitoring techniques correlated extremely well with borehole 

geophysical logging results. This indicated that such performance monitoring offered the potential 

of defining mine bench geology in detail and with precision, [Scoble et al, 1989]. 

These results tie in nicely with the goals of this thesis and present the opportunity to further 

explore and implement the idea of supervisory control in future work. The idea of supervisory 

control is discussed in detail further on in this chapter. 

2.3.2.3 Automated Drilling for Use on the Martian Surface 

There has been renewed interest recently in the drilling industry due to a NASA led initiative 

called the Drilling Automation for Mars Exploration (DAME). The fundamental motivations 

behind DAME are that future in-situ resource exploration and characterization on the lunar and 

Martian surface are a high priority, and also that the search for signs of current or past life on 

mars will likely lead to scientists exploring beneath the Martian surface [Glass et al, 2006]. 

Obvious limitations to a potential unmanned drilling project to Mars would be weight and 

dimension restrictions, remoteness of operation, delay on communications, and harsh 
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environment. Since the weight and dimension constraints are basically fixed, scale sized prototype 

drills have been developed and are being tested in the Canadian Arctic [Zacny et al, 2007]. The 

thinking is that the Canadian Arctic, specifically areas of craters from meteor impacts are a good 

stand-in for the Martian surface. Studies are currently trying to classify all potential failure modes 

and NASA will then attempt to design an autonomous system based on the results. Although, the 

first prototypes can only drill within centimeters of the surface, the long range plan is to be able to 

drill upwards of 20m into the Martian soil [Zacny et al, 2007]. 

The DAME project has the potential to be at the forefront of drill automation and control 

research, but due to the early stages of the work limited value has been realized thus far. 

2.4 Control Theory and Approaches 

Control is based around the premise of trying to illicit a desired response or output from any 

system by manipulating (or controlling) input variables [Franklin 1980]. This system can be very 

simple, such as trying to control the water temperature in a shower, or very complex, such as 

creating a fully autonomous automobile that is able to safely drive on a major highway during 

rush hour. 

If we are to further examine our simple model, the input variables with which we could control 

the system of the temperature in a shower would be the hot and cold taps. The output variable 

would, of course, be the water’s temperature. The desired water temperature with which one 

could have a comfortable shower would be the desired stable state. The premise is the same in our 

more complex example, however the input and output variables have become significantly more 

complex. 

The goal of control systems engineering is to induce a desired response from a system regardless 

of plant and environmental effects. Other associated goals usually involve minimizing steady state 

error, rise time, settling time, and overshoot (or undershoot), etc. [Franklin 1980]. 
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The benefits to implementing closed loop drill control would include the following [Dashevskiy 

et al, 2003]: 

 Improved ROP 

o Longer bit runs 

o More sections drilled in a single run 

 Reduced downhole vibration 

o Less wasted energy downhole 

o Less trips due to MWD failure 

o Reduced BHA failure 

 Steady state drilling 

o Consistent start up after connections 

2.4.1 Review of PID Feedback Control 

The type of control which will be applied in this thesis, and which is a very common type of 

control used in industry, is PID control, a specific type of closed loop feedback control. PID 

control is comprised of three types of control action: Proportional, Integral, and Derivative. 

2.4.1.1 Proportional Control 

Proportional control uses a control signal proportional to the error signal. This control signal is 

then multiplied by the proportional gain. If a system has zero error then proportional control will 

give no signal. A stable system can reach equilibrium in which the proportional control signal is 

constant and a constant steady state error will exist. The proportional gain can be increased to 

reduce the steady-state error. 

2.4.1.2 Integral Control 

Integral control has a control signal that is proportional to the time integral of the error. The 

presence of integral control improves the steady state error by one order and ensures that if 

constant steady state error exists it will be reduced to zero. Due to the nature of integral control it 

can be thought of as the ‘fine-tuning’ component. However, it must be noted that since a system 

with integral control is one which is higher by one order it makes it inherently less stable. 
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2.4.1.3 Derivative Control 

Derivative control gives a control signal proportional to the derivative of the error signal. The 

derivative of the error represents the slope which is the rate of change of the error. Due to this, 

derivative control is somewhat predictive in error and can be used to successfully minimize large 

overshoots. However, if constant steady state error exists derivative control is ineffective at 

reducing it. For this reason derivative control cannot be used alone. 

2.4.1.4 PID Control 

Therefore, proportional control used alone will reduce error to its constant, steady state. 

Proportional control paired with derivative control will give even more damping to the system but 

steady state error will persist. Pairing proportional and integral control would aid with the steady 

state error but will slow rise and settling time. This explains why proportional integral derivative 

control or PID control is so widely used with successful results. 

 

 The PID controller can be modeled as [Aboujaoude 1997]: 

 ( )   [   
  
 
    ]  ( ) 

Equation 11: Control signal from the PID controller [Aboujaoude 1997] 

 

 ( )       

Equation 12: Error from the PID controller signal [Aboujaoude 1997] 

 

Where, u = control signal 

 e = error 
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 KD = derivative gain 

 KI = integral gain 

 KP = proportional gain 

 uc = set-point 

 y = process output 

 Each of the three control signal components can be seen with their equivalent gain term. 

2.4.2 Existing P&H Autodrill
TM

 Drilling Controller 

The current P&H 120A automatic drilling control algorithm is based on the same logic as the 

Gardner Denver (GD) 120 [Aboujaoude 1997]. P&H purchased the Gardner Denver Mining & 

Construction Division in 1991 and acquired their large rotary blasthole drilling equipment product 

line in that purchase. Then called the GD 120, the machine was improved with the addition of its 

electrical drilling functions and renamed the P&H 120A. The improved drill boasts d.c. electric 

motors for both rotary and feed actuators, driven by programmable digital d.c. drive systems 

[Aboujaoude 1997]. 

As outlined in Chapter 1, during drilling operations the operator must align the machine over the 

precise location of the future borehole. The operator then must manually control the drill through 

the collaring stage. This stage encompasses the first few feet of the borehole, and consists of 

mainly fractured material from the previous mining activity which has taken place above it. The 

P&H Autodrill
TM

 program is not used in this heavily fractured ground. Once it is clear that the 

collaring is complete the operator can then switch into Autodrill
TM

 if he/she so desires. The 

Autodrill
TM

 system uses preset values of desired feed rate and rotary speed. In addition, limits for 

other drilling variables such as pulldown force (WOB), torque, and bailing air pressure are also 

preset in the control system. Vibration limits are programmed by the manufacturer and cannot be 

changed by the operators or the mine site. (Vibration limits can only be altered by authorized 

P&H employees.) Vibration is monitored by two accelerometers mounted on the drill mast. These 
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accelerometers are connected to the onboard PLC-based control system (see Figure 10) 

[Harnischfeger 2006]. 

 

Figure 10: Computer cabinet on board P&H 120A 
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If the limits for vibration, or any of the presets, are exceeded the feedrate is decreased. While in 

Autodrill
TM

 mode, the rotary speed remains equal to the user-set value, unless excessive vibrations 

persist. There are also several ‘kill’ switches which the operator can access in the event an 

immediate stop is required [Harnischfeger 2006]. 

 

Figure 11: Operator's control panel onboard P&H 120A 

 

During our field testing, a prototype   ⁄  drilling control system was also installed on the 

machine. The operator was able to switch between control systems. 

2.4.3 Supervisory Control 

PID control is well suited to deal with a high bandwidth dynamic system. However, sometimes 

finite events can occur which actually work to change the system from its ‘normal’ state. When 
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these events are obvious and happen repeatedly, but at a much lower bandwidth than that of the 

dynamic system, it may be useful to implement a two-tier control strategy with supervisory 

control [Aboujaoude 1991] as seen below in Figure 12. 

 

 

Figure 12: Supervisory drilling control in a two-tiered control loop [Aboujaoude 1991] 

 

Research sponsored by Baker-Hughes (a major drill bit manufacturer) identified supervisory 

control as the leading control strategy for future enhancements to drilling [Tubel 1998]. 

Supervisory control implements a knowledge based control system which is useful for handling 

discrete events. In the case of drilling, these events can include bit failure, drill string jamming, 

vugs and cavities, fractured rock, and abrupt defined changes in geology. If supervisory control is 

implemented during real-time operation, models can be adapted using recent real-time-drilling 
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data when found necessary. This will improve accuracy of the local prediction, both time and 

state wise, and increases the stability of the system [Dashevskiy et al, 2003]. 

It may be possible and worthwhile to use the supervisory control loop to provide suggested input 

values to the inner control loop. These input values would be based on minimizing drilling costs 

and specific energy information (mechanical properties of different rock). One common idea is to 

have supervisory control autonomously interpret data, but not to autonomously control the system 

[Physical Optics Corporation 1999]. 

2.4.4 Soft Computing 

Soft computing encompasses fuzzy systems, neural networks, evolutionary computation, and 

artificial immune systems. Recently, work has gone into applying soft computing approaches to 

drilling. Traditionally drilling has been done best by experienced drillers who operate based on 

‘feel’ and can consistently outperform automated machines. Automated machines can only out-

drill the average driller. Due to this it would seem that artificial control systems that attempt to 

‘think’ like humans would be well equipped for this application and much recent research has 

looked into this [Smith 2006], [Jameux 2006], [Chen 2001], [Frey et al, 2002]. Field testing has 

shown that neural network models can predict development of the drilling process accurately 

enough when used on wells drilled through similar lithology with the same BHA and bit 

[Dashevskiy et al, 2003]. Better results can be seen when a neural network is given previously 

recorded geological data [Chen 2001]. 
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Figure 13: Linear state feedback controller in which a soft computing model is used to 

approximate the nonlinear part of the dynamic system [Chen 2001] 

 

The concepts of soft computing are quite advanced, but still at the theoretical stage, and are 

beyond the scope of this thesis. They will not be discussed in any further detail. 
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Chapter 3 

Data Gathering in the Field 

 

3.1 Introduction 

Real world data is an essential starting point for the construction of any useful simulator for 

processes, such as drilling, where it is impractical to build comprehensive physics based 

simulation models which capture the true behaviour of the process. Therefore, field data gathering 

was conducted by the author over the months of June and July in 2007. Data gathering was 

performed at an open-pit taconite (iron ore) mine in the Mesabi Iron Range in northern Minnesota 

In addition to the author, Mr. Ted Branscombe and Dr. Laeeque Daneshmend also participated in 

the data gathering exercise. All of the experiments were conducted on the same P&H 120A rotary 

blasthole drill. Existing instrumentation and control systems onboard the drill were interfaced to a 

DATAQ 718Bx-S Data Logger. The DATAQ was installed specifically for the purposes of our 

data gathering. The data logger was left running on the drill after our field period, so as to 

continue gathering drilling information for future work. 

3.1.1 Objectives 

The objectives of the data gathering exercise were to: 

1. Determine the P&H 120A actuator dynamics ‘in air’ (unloaded). 

2. Determine the P&H 120A actuator dynamics while drilling. 

3. Acquire knowledge about the drilling process dynamics. 

4. Acquire knowledge regarding the drill response for specified exceptional conditions. 

5. Gain an understanding of the working environment and operating procedures. 

6. Acquire drill operator insights into the drilling process based on field experience. 
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For the purposes of this thesis, the data gathered was intended for use in analysis and modelling, 

leading up to the implementation of a software simulator of the drilling process of a P&H 120A 

drill. Such a simulator would then be able to serve as a platform for the design and testing of a 

drilling control system for this specific machine. 

3.2 Monitored Parameters 

The nature of the drilling process is such that the mechanical variables of interest (rotary torque 

and speed, hoist pull-down force and penetration rate) cannot be measured at the bit-rock 

interface, but must instead be indirectly monitored at surface. The following variables are readily 

monitored onboard the drill: 

 Horizontal Vibration 

 Vertical Vibration 

 Bit Air Pressure 

 Hoist Motor Current (related to Pull-Down Force)  

 Hoist Current Limit (Related to maximum Pull-Down Force) 

 Hoist Motor Voltage (related to Penetration Rate) 

 Rotary Motor Current (related to Rotary Torque) 

 Rotary Motor Voltage (related to Rotary Speed) 

 Hoist Voltage Request (set-point to hoist motor drive) 

 Rotary Voltage Request (set-point to rotary motor drive) 

 Bit / Hole Depth (from resolver) 

These variables were acquired through accessing analog signals from the PLC cabinet inside the 

machinery house on board the drill. The data was then recorded by the DATAQ 718Bx-S data 

logger which was also mounted inside the PLC cabinet in the drill’s machinery house. 
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3.2.1 Horizontal Vibration and Vertical Vibration 

Both horizontal and vertical vibrations were detected by accelerometers mounted on the drill 

mast. The vibration data was not used for the purposes of this thesis. However, this data was used 

extensively by Mr. Ted Branscombe in his research on a related topic (Branscombe 2010). 

3.2.2 Bit Air Pressure 

A pressure transducer is connected to the bailing air conduit. Bit air pressure was recorded simply 

by measuring the pressure transducer current signal. The bit air pressure data was not used during 

the course of this research but may be useful for future work, such as further work on rock 

recognition (Beattie 2009). 

3.2.3 Hoist Motor Current and Rotary Motor Current 

Hoist motor current and rotary motor current were both measured by recording the current values 

from the hoist drive and rotary drive, respectively. Hoist motor current enables calculation of 

thrust, while rotary motor current enables calculation of torque. 

3.2.4 Hoist Motor Voltage and Rotary Motor Voltage 

Hoist voltage and rotary voltage were measured by recording the back EMF voltage of the hoist 

and rotary motors, from their respective drives. Hoist motor voltage enables calculation of 

penetration rate, and rotary motor voltage enables calculation of rotation speed. 

3.2.5 Hoist Motor Voltage Request and Rotary Motor Voltage Request 

Hoist motor voltage request and rotary motor voltage request were measured by recording the set-

points from their respective drives. These targets are set by the operator. Hoist motor voltage 

request gives us the penetration rate set-point and rotary motor voltage request gives us the 

rotation speed set-point. 
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3.2.6 Depth 

Depth was measured by recording the scaled resolver signal output by the drill’s PLC. Depth was 

scaled in feet. 

3.2.7 Hoist Current Limit 

Hoist current limit was measured by recording the value from the hoist drive. This variable 

enables calculation of the pull-down (thrust) limit, and is set by the operator. 

3.3 Instrumentation 

All of the experimental testing done for this research was conducted using state-of-the-art 

blasthole rotary drill technology, which was all available on the P&H 120A drill. At the time of 

testing this drill was only a few months old and was very much on the cutting-edge of open pit 

mining technology. Apart from the DATAQ data logger, no additional hardware had to be added 

to the drill rig for data measurement. All sensors and transducers used are standard on a P&H 

120A drill. 
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Figure 14: The PLC cabinet in the machinery house onboard the P&H 120A drill 

 

All of the recorded signals were taken from existing signals used in the programmable logic 

controller (PLC) cabinet located in the machinery house onboard the P&H 120A drill. The wiring 

from the DATAQ was ‘piggybacked’ onto the relevant connections. The PLC cabinet can be seen 

above, in Figure 14. Figure 15, below, shows the DATAQ data logger mounted in the PLC 

cabinet specifically for our testing purposes. The blue cables, seen leaving the DATAQ in the 

bottom of Figure 15, are wired into the PLC cabinet. 
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Figure 15: DATAQ data logger mounted in PLC cabinet 

 

3.3.1 DATAQ 718Bx-S Data Logger 

The data recording system used was a DATAQ 718Bx-S data logger manufactured by DATAQ 

Instruments, Inc. (Akron, Ohio, USA). The data logger can accept up to 16 DI-8B amplifier 

modules, variants of which can accommodate virtually any industrial signal. The unit has both 

Ethernet and USB communications interface options. The unit is capable of stand-alone operation, 

with a memory capacity of between 8MB and 1GB, depending on the removable (SD) memory 

used. In stand-alone operation the DATAQ is capable of measuring at up to a combined 

throughput rate of 14,400 samples per second. An onboard analog-to-digital converter allows the 

input analog signals to be converted at 14-bit resolution. Figure 16 is an illustration of the 718Bx-

S Data Logger from the manufacturer’s sales literature. 
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Figure 16: DATAQ 718Bx-S data logger 

 

The manufacturer supplies software with this data logger called WinDaq. WinDaq creates time-

stamped data files of all the recorded variables. All signals, except for bit air pressure and 

horizontal and vertical vibration, were recorded as +/- 10 Volt signals. Bit air pressure was 

recorded as a 1Volt to 3 Volt signal. The vibration variables were recorded as 20 
  

 
 signals. 

Figure 17 shows the different channels and the signals recorded on them. 
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Figure 17: Channel and the variables recorded during field data gathering 

 

3.4 The Mine Site 

The impacts upon the drilling process caused by varied geological conditions can be very 

complex, and difficult to quantify. Ideally, during experimental data gathering, we would like to 

have a geological environment which is very well known and easily modelled. If our experimental 

testing can be conducted at a mine with clearly defined rock units of constant thickness across a 

bench we can limit the amount of effort we have to put toward understanding and simulating the 

geological conditions, and instead focus on modelling the drilling system itself. Due to these 

considerations a mine with clear strength contrasts between rock units was desired. 

US Steel’s Minntac Mine provided as ideal an environment to test in as can be expected to be 

found in a real world environment. Minntac is located in the Mesabi Iron Range in Northern 

Minnesota, just west of Lake Superior. It is a short drive northeast of Hibbing (famously known 

as the boyhood home of Bob Dylan and the birthplace of the Greyhound Bus Lines). 
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The mine’s geology, as well as Minntac’s willingness and cooperation to grant us access to their 

active mine workings for our experimental work made for as smooth a testing period as one could 

ask for. The author is very grateful to all involved for this. 

As was previously stated, the experimental testing was conducted on a P&H 120A rotary 

blasthole drill. The mine site utilized the drill without a reamer on the drill string and would, 

therefore, re-drill holes when necessary.  Also, the mine site did not use GPS technology on their 

drill fleet and did not have a mine wide fleet management dispatch system in place. 

3.4.1 Geology 

To gain an understanding of the type and locations of the rocks in the test area we consulted the 

geologists at Minntac. The geologists were very helpful and provided us with an idealized 

geological cross-section of the Minntac Mine. This cross section can be seen below in Figure 18. 

It was learned that the geology of the mine site at Minntac is fairly predictable and subsequently 

easy to categorize and explain. There exist several layers of waste and ore on top of one another 

all dipping southward at a 7 degree slope. The benches are typically drilled and blasted level, 

without following geology, though there are some exceptions when the boundary between waste 

and ore can be followed without serious problems. 
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Average Characteristics of Layers 
  

    
  

  Layer     Thickness   

  

    
  

  
Upper Slate 

 

20 ft 
  

  
Upper Chert 

 
140 ft 

  

  
Lower Slate 

 
160 ft 

  

  
Lower Chert 5 

 
45 ft 

  

  
Lower Chert 4 

 
45 ft 

  

  
Lower Chert 3 

 
25 ft 

  

  
Lower Chert 1 & 2   58 ft 

  
 

Figure 18: Idealized Minntac cross section 

 

Minntac is an open pit taconite mine. Taconite is a very hard, silica-rich, low-grade iron ore. Due 

to the low-grade nature of the ore most of the material removed from a taconite mine is waste. 

The ore is located in two rock layers: Lower Chert 4 (LC4) and Lower Chert 3 (LC3). The ore 

contains fine magnetite or hematite iron particles of various sizes. The Mesabi Iron Range is a 

major source of taconite for all of North America and has a rich mining history. During World 

War II it was a major source of iron for the weapons used by the Allies en route to victory. Most 

of the data analyzed in this thesis was recorded while drilling in Lower Cherty material (mainly 

LC5, LC4 and LC3) with a small amount recorded while drilling in Lower Slatey material. 

Due to the limited resources available, we were unable to have geophysical logs or core drilling 

completed on the test location. Therefore, the rock characteristics and properties found at Minntac 

were not used in the construction of a simulator for modeling. This is explained further in Section 

6.4.2. However, if for future research it was deemed necessary to use the properties of the rock 
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described above it would be a fairly straight forward process. The rock characteristics and 

properties could be found in available geological texts and any further information required could 

be found with the aid of the geologists at Minntac. 

3.5 Experimental Methodology 

3.5.1 Machine Dynamics – While ‘In Air’ 

The rotary actuator step response was recorded by conducting several step input tests while ‘in 

air’. The meaning of ‘in air’ is that the test was conducted in a previously drilled hole. In this 

case, the previously drilled hole was Hole 22 D19. Although some contact with the walls of the 

hole is unavoidable, overall this gives a good indication of machine dynamics when not drilling 

the rock (no bit-rock interface occurs), and allows us to fully extend the drill string. Different step 

sizes were tested: some started from zero while others were increases or decreases from the 

current steady state rotary speed. All step tests started from a steady state. 

The feed actuator step response was recorded in a similar manner to that described above for the 

rotary actuator. However, one important observation must be made with respect to the operator 

interface for feed on the P&H 120A. The controller interface is such that the operator cannot 

control thrust (pull-down force) directly, but must instead adjust the penetration rate (velocity) 

set-point, which will, in turn, affect the thrust. In addition, the operator is able to set a thrust limit. 

Although this did not affect the way the feed step tests ‘in air’ were conducted it did affect the 

feed step tests ‘while drilling’, which is described in the next subsection. The operator interface in 

the operator’s cab on the P&H 120A can be seen below in Figure 19. The controls of interest are 

as follows: The Rotary Speed Adjustment Control (16) which controls the rotation speed (RPM). 

The Bit Force Limit Control (18) which controls the thrust limit (lbs). And lastly, the Hoist-

Pulldown Control (19) which controls the penetration rate (ft/min). 
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Figure 19: Operator’s cab controls – center control panel [Harnischfeger 2006] 

 

3.5.2 Machine Dynamics – While Drilling 

Step response tests were conducted to record the machine dynamics, over the operational range of 

both rotary speed and feed rate, while drilling. The ‘while drilling’ data was recorded during Hole 

28 D18. The test sequence involved collaring the hole followed by a short period of normal 
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drilling. Once we had ensured that we were deep enough to be clear of all broken and fractured 

ground the testing began. The tables in Appendix A show exactly how the rotary step response 

test and the feed step response test were carried out. 

It should be noted that a new bit was used for these tests, in order to eliminate any possible 

variation in drilling performance due to a worn bit. Also, the use of a crest hole was avoided. (A 

crest hole is a hole located at the edge of a bench. These holes are notorious for non-conformities, 

induced by blasting, which we were trying to avoid during our ‘while drilling’ step tests.) 

As mentioned in the previous section the control interface on the P&H 120A is such that, for feed, 

one can only set thrust force limits, but can directly control penetration rate. So while the thrust 

limit was changed in accordance with the testing procedure documented in Appendix A, the P&H 

120A did not yield the step responses as desired. In fact, over the course of our step response test 

for feed while drilling, only a handful of steps occurred and not for the values desired. The 

variable that should have been manipulated during our feed step response test was penetration rate 

(ft/min). This made the results of the feed test all but useless and the author was unable to record 

the feed actuator response ‘while drilling’ as desired. 

Fortunately, data recorded during the off-site period was able to be used to find the feed actuator 

response ‘while drilling’. This data was found in the bulk data group D06F0082. The data in 

D06F0082 includes 15 completed boreholes. Over the course of these completed boreholes there 

were enough penetration rate (ft/min) steps to properly model the feed actuator machine dynamics 

‘while drilling’. 

The bit used for these drilling tests was a 16” (406mm) diameter tricone bit from Superior Rock 

Bit Co. The exceptional conditions of bit wear, while intentionally avoided during our step 

response tests, were encountered during subsequent data gathering on-site, and also recorded 

during autonomous data logging. According to the mine, in the area where our tests were 
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conducted, average bit life is 40,000 feet (12,192 metres), although this is somewhat optimistic at 

times. 

Typically the mine operates the P&H 120A with a thrust limit of 115,000 lbs and a rotary speed 

of between 60 – 75 RPM depending on the material encountered and the operator’s preferences. 

The rotary motors installed on the P&H 120A enabled normal drill rotation speeds of up to 120 

RPM to be achieved. Our monitoring of the drilling process caused no additional increase in the 

time required to drill a typical hole. The drill hole depth at Minntac can range from 25 – 60 feet. 

The average hole depth is 45 feet. Average penetration rate is 50 feet/hour. This gives the average 

time taken to drill a hole at just under one hour. 

To summarize, during the test period (June & July 2007), approximately 14 holes were drilled 

during step response testing. During the course of these 14 holes, step response tests were 

conducted both ‘in air’ and ‘while drilling’. In addition to these 14 holes, numerous other holes 

were recorded during the field period, and for months after, during the off-site period, using the 

standalone monitoring capabilities of the DATAQ data logger. 

The data for normally (production) drilled holes is extensive and has been collected for future 

research in numerous fields including: tricone drill bit design and failure monitoring, the 

evaluation of drill operation by a human operator, and drill automation. 
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Chapter 4 

Data Analysis 

 

4.1 Analysis Software 

The data gathered during the experimental testing was analyzed using two different pieces of 

software: the WinDaq ‘Waveform Browser Playback and Analysis Software’, and MatLab 7.4.0 

(R2007a). 

WinDaq, the software supplied with the DATAQ 718Bx-S data logger, creates data files of the 

recorded variables as +/- 10 volt signals, stored in a proprietary binary file format. It is possible to 

convert these files, using WinDaq, into ‘.DAT’ files which can then be opened using MatLab or 

Excel. Once the data is in the MatLab environment it can be scaled into the appropriate physical 

variable units with relative ease. All of the remaining data analysis, as well as the simulation and 

modeling, was performed in MatLab. 

4.2 Segmenting Data 

When working with data gathered when we were onboard the drill during the field period, 

segmentation is relatively easy since data recording was started and stopped for our tests. Due to 

the relatively short time segments of these data files, a sampling rate of 400 Hz per channel could 

be used for them. However, when large volumes of data were collected during off-site periods, 

when the data logger was operating in ‘stand-alone’ mode, a sampling rate of 50 Hz per channel 

had to be used so that the 1 Gbyte memory storage capacity of the DATAQ was not exceeded too 

quickly. It is when analyzing these larger data files that data segmentation becomes more critical, 

and also more complicated. 
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During off-site periods data recording is continuous from when the recording began up until the 

memory capacity of the DATAQ has been reached. This means that data recording can be 

occurring during each of the following phases of operation; during actual drilling, during 

repositioning of the drill to a different bench or area, during shift change, during water tank 

refilling, during maintenance, during tramming between holes, and during a period when the drill 

is shutdown. This thesis is solely concerned with blasthole drilling data, and data recorded during 

each of the other scenarios needs to be identified and removed from our analysis data. 

One recorded variable that is indicative of what operation is occurring on the drill at a given time 

in the dataset is depth. Below, Figure 20 helps illustrate exactly how depth can be used to 

distinguish useful data. Figure 20 is a screen shot of a dataset from an off-site period viewed using 

WinDaq. In this case channel 10 is the depth variable and is highlighted. Although it has not yet 

been scaled into feet it is still easy to identify the point that the drill bit is in the blasthole. When 

channel 10 has a value of 0 volts the depth is obviously zero and a hole is not being drilled. Once 

a hole has been started the depth increases in a more or less linear fashion until the hole is 

completed. Figure 21 shows a closer view of one such hole being drilled. 
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Figure 20: An example of a dataset from an off-site period viewed using WinDaq 
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Figure 21: An example of a plot of the channel 10 depth variable over one borehole 

 

Examining Figure 21 in greater detail; the first steady state section from 0 seconds to 600 seconds 

is the drill bit position before any drilling has occurred. In this case it is a negative value because 

the bit is actually retracted a few feet away from the surface of the ground for drill repositioning 

purposes. This ensures that the bit will not inadvertently interact with the ground and damage 

equipment. In the period between 600 and 1150 seconds the drill bit is being positioned to start 

the drilling process. From 1150 to 3300 seconds the hole is being drilled. Immediately following 

the completion of this blasthole, the drill bit is retracted back to the start of the hole and then 

brought back to the bottom. This is the hole ‘cleaning’ process and eliminates any loose rock 

material that may be present. It is a very good indicator of when the blasthole is complete. Using 
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the above stated information we can not only tell when drilling is occurring but, also, easily 

manually segregate the data into individual blastholes. 

Utilizing this method, the non-drilling data that was recorded was identified and removed from 

the dataset before analysis in the MatLab environment occurred. If necessary for the analysis, the 

data was also segmented into individual holes before being brought into MatLab. 

4.3 Signal Conditioning 

Of the twelve channels recorded by the DATAQ, eleven must be converted to their physical 

values (the twelfth channel is time, in seconds). The DATAQ stores the data as a +/- 10 volt 

signal. The full range values for each variable were obtained either experimentally or from the 

documentation of the drill. With this information, a relatively simple scaling matrix was 

constructed and is shown in Figure 22. Application of this scaling matrix on the raw data in 

MatLab converted all variables to their physical values and units. The variables’ units include 

volts, amperes, g, psi, and feet. (Refer to Figure 17 for the list of channels and their variables.) 
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Figure 22: Scaling matrix used on raw data in MatLab environment 

 

4.4 Data Collected and Where Used 

The data collected can be broken into two groups; data collected during experimental testing and 

data collected during off-site periods. During off-site periods the data recorded by the DATAQ 

would be routinely uploaded and sent to us by P&H employees in the Mesabi Iron Range region. 

This was beneficial to this research as it provided a larger pool of data from which to work. It is 

of infinite help to future research since there is now a large amount of raw drilling data to work 

with. 

4.4.1 Data from On-Site Data Gathering Period 

During the on-site data gathering period data from 14 boreholes was collected. This is due to the 

nature of the experimental testing. The author and a colleague, Mr. Ted Branscombe, had to be 

present on the P&H 120A to ensure that the correct methodology was followed for the tests 
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designed for their respective research [Branscombe 2010]. This was more important than bulk 

data collection, which could be accomplished during off-site periods. Table 1 shows the data 

relevant to this research that was collected during the on-site data gathering period. 

Data          Description 

Hole 11 A21   Borehole data 
 

  

Hole 12 B21   Borehole data 
 

  

Hole 22 D19   Step response test 'in air'   

Hole 23 E19   Borehole data 
 

  

Hole 24 A18   Borehole data 
 

  

Hole 25 B18   Borehole data 
 

  

Hole 26 E17   Borehole data 
 

  

Hole 27 C18   Borehole data 
 

  

Hole 28 D18   Step response test 'while drilling' 

Hole 40 C15   Borehole data 
 

  

Hole 41 D15   Borehole data 
 

  

Hole 42 E15   Borehole data 
 

  

Hole 43 A14   Borehole data 
 

  

Hole 44 B14   Borehole data     
 

Table 1: Data collected during the experimental test period 

 

As shown in Table 1 the step response test ‘in air’ was conducted in the already drilled Hole 22-

D19. This data was used to model the responses of both the feed and rotary actuators of the P&H 

120A ‘in air’. Also shown above, the step response test ‘while drilling’ was conducted during the 

course of drilling in Hole 28 D18. This data was used to model the rotary actuator of the P&H 

120A ‘while drilling’. Unfortunately, due to the manner in which the operator interface functions, 

the step response test yielded no useful information from which to model the feed actuator of the 

P&H 120A ‘while drilling’. 

4.4.2 Data from Off-Site Data Gathering Period 

The off-site period data includes all data recorded while the author was not at the mine site. This 

data was recovered from the data logger and sent in by the mine. Also included in this grouping is 
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data recovered by Mr. Ted Branscombe and Dr. Laeeque K. Daneshmend during subsequent field 

visits. Although the author was not party to these visits, much of the data obtained during them 

was used as a valuable part of this research. Table 2 gives a brief summary, as it pertains to this 

research, of the off-site period data collected. 

Bulk Data Group   Useful Data Description     

D06F0021   26 boreholes drilled 
 

Borehole data 
  

  

D06F0022   29 boreholes drilled 
 

Borehole data 
  

  

D06F0023   16 boreholes drilled 
 

Borehole data 
  

  

D06F0024   5 boreholes drilled 
  

Borehole data 
  

  

D06F0025   53 boreholes drilled 
 

Borehole data 
  

  

D06F0029   72 boreholes drilled 
 

Borehole data 
  

  

D06F0033   7 boreholes drilled 
  

Borehole data 
  

  

D06F0034   11 boreholes drilled 
 

Borehole data 
  

  

D06F002B   20 boreholes drilled 
 

Borehole data 
  

  

D06F002C   76 boreholes drilled 
 

Borehole data 
  

  

D06F003A   3 boreholes drilled 
  

Borehole data 
  

  

D06F003C   5 boreholes drilled 
  

Borehole data 
  

  

D06F003F   4 boreholes drilled 
  

Borehole data 
  

  

D06F0048   51 boreholes drilled 
 

Borehole data 
  

  

D06F0082   15 boreholes drilled   Used to model feed actuator 'while drilling' 
 

Table 2: Summary of off-site period data collected 

 

Table 2 shows that the data from 15 boreholes contained in the bulk data group D06F0082 were 

used to model the feed actuator of the P&H 120A ‘while drilling’. After examining the other off-

site data that was collected it was decided that this was the best grouping of boreholes to use for 

the modeling required. This data led to a successful model and is discussed in more detail in the 

next chapter. 
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Chapter 5 

Identifying the Dynamic Responses of the P&H 120A 

 

5.1 Objectives 

The behaviour of the P&H 120A drill’s actuators will be investigated, and their dynamic 

responses will be identified, in this chapter. To accomplish this, Matlab’s System Identification 

Toolbox and Control Toolbox were used. 

5.2 Rotary Actuator Dynamics 

The rotary actuator dynamics govern the response of the machine to inputs from the operator for 

rotary speed (RPM). In order to gain a better understanding of the machine dynamics it was 

decided that the rotary actuator dynamics would be modeled twice; once ‘in air’ with no bit-rock 

interaction, and once ‘while drilling’ with definite bit-rock interaction. 

It was also postulated that the rotary actuator dynamics may differ depending upon if the step 

input is an increase in rotary speed or a decrease. For this reason the analysis of each has been 

kept separate as well. 

Thus, four total cases must be explored; rotary increases ‘in air’, rotary decreases ‘in air’, rotary 

increases ‘while drilling’, and rotary decreases ‘while drilling’. 

5.2.1 Rotary Actuator Dynamics ‘In Air’ 

Step response tests were conducted ‘in air’ to model the rotary actuator dynamics. These tests 

were done while drilling Hole 22 D19 during the experimental testing period. ‘In air’ simply 

means that the tests were conducted after drilling of the hole was complete. During the test there 

was no bit-rock interaction so that pure rotary actuator dynamics, without any influence of 

geology, could be modeled. 
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The step response test data was closely examined and the time interval of each of the step inputs, 

complete with settling time, was documented. These time intervals were classified as either a step 

increase or a step decrease. This was done so it could be determined if the increases and decreases 

have different actuator dynamics. 

The data was then concatenated so that all of the step increases occurred one after the other, 

starting at zero volts and increasing. Similarly, this was done for all of the step decreases, starting 

at zero volts and decreasing. The purpose of the concatenation is to construct a sufficiently 

information rich, and representative, data set from which system identification algorithms can 

extract relevant dynamic models. Although the amplitude (voltage) values become somewhat 

meaningless after concatenation, the incremental scaling in both the time domain and the 

amplitude domain remains valid. This concatenated data is what is fed into the Matlab system 

identification toolbox in order to identify the rotary actuator dynamics. An example of 

concatenated data can be seen in Figure 23. 
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Figure 23: Concatenated ‘in air’ rotary step response test data – increases 

 

In Figure 23 the blue line is the rotation speed set-point (input) as set by the drill operator and the 

red line is the rotation speed (output) that the rotary motor actually reaches. The y-axis is rotary 

speed given as a voltage which corresponds to the units of both the rotary motor voltage and the 

rotary voltage request. The x-axis is time in seconds. For Hole 22 D19, from which this data was 

taken, a 400Hz sampling rate was used. 

5.2.1.1 Rotary Actuator Dynamics ‘In Air’ – Increases 

Figure 23, above, shows the concatenated data which was input to the system identification 

toolbox and then used to model the rotary actuator increases ‘in air’. The dynamic model that was 

fit to the input-output data is given by the transfer function defined below: 
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 ( )   
                                           

                                    
 

Equation 13: Discrete time transfer function – rotary increases ‘in air’ 

 

Equation 13 is a discrete time transfer function, meaning that it is defined in the z-domain, not in 

the s-domain. 

Figure 24 shows the step response plot from the model defined by Equation 13. It can be seen that 

the rise time is 2.32 seconds, the settling time is 4.13 seconds and the steady state value is 0.851. 

The step response plot is consistent with that of an over damped system. 

 

Figure 24: Simulated step response plot – rotary increases ‘in air’ 
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Figure 25 shows a magnitude only Bode plot of the model defined by Equation 13, of the rotary 

actuator increases ‘in air’. Highlighted on the plot is the -3dB point relative to the d.c. gain, at a 

frequency of approximately 0.15Hz. This is indicative of the natural frequency of the system. 

(The Bode plot is only defined up to 200 Hz, since that is the Nyquist frequency for a 400 Hz 

sampling rate.) 

 

Figure 25: Bode magnitude plot – rotary increases ‘in air’ 

 



66 
 

5.2.1.2 Rotary Actuator Dynamics ‘In Air’ – Decreases 

 

Figure 26: Concatenated ‘in air’ rotary step response test data – decreases 

 

Figure 26 shows concatenated input-output data for the rotary actuator decreases ‘in air’. The data 

shown in the figure was created in the exact same manner as described in the previous section. 

However, it is important to note that there are several suspicious zones located in Figure 26. They 

have been highlighted below in Figure 27 and are numbered i – iv. 
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Figure 27: Suspicious zones found in concatenated data 

 

These suspicious zones are caused by a slew rate limiting feature which is programmed into the 

Avtron Digital Drive which regulates the set point from the PLC and closes the loop around the 

d.c. rotary motor. The slew rate limiting feature exists to protect the motor by preventing it from 

accelerating above a certain rate. It is pre-programmed by the manufacturer. If the motor were 

allowed to accelerate above this rate the probability of damage would be quite high. Based on this 

figure it can be estimated that the slew rate limiting engages at any rate of change at -15 V/sec or 

below (for rotary decreases). 

In order to ensure the accuracy of the dynamic model, the instances when the slew rate limiting 

was occurring were removed from the input-output data, prior to performing system 
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identification. The dynamic model that was fit to the input-output data is given by the transfer 

function defined below in Equation 14: 

 ( )   
                                        

                                           
 

Equation 14: Discrete time transfer function – rotary decreases ‘in air’ 

 

Figure 28 shows the step response plot based on the model defined by Equation 14, of the rotary 

actuator decreases ‘in air’. It can be seen that the rise time is 3.41 seconds, the settling time is 

6.13 seconds and the steady state value is 0.843. The step response plot is, once again, consistent 

with that of an over damped system. The values of the rise time and settling time parameters vary 

significantly from those given in the step response plot from the previous, rotary increases, 

section. This shows that, indeed, the two cases (increases and decreases) should be treated 

differently when modeling the rotary actuator dynamics of the P&H 120A. 
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Figure 28: Simulated step response plot – rotary decreases ‘in air’ 

 

In Figure 29 the magnitude only Bode plot of the rotary actuator decreases ‘in air’ can be seen. 

Highlighted on the plot is the -3dB point relative to the d.c. gain, at a frequency of approximately 

0.10Hz. 



70 
 

 

Figure 29: Bode magnitude plot – rotary decreases ‘in air’ 

 

5.2.2 Rotary Actuator Dynamics ‘While Drilling’ 

Step response tests were conducted ‘while drilling’ to model the rotary actuator dynamics. These 

tests were performed during the drilling of Hole 28 D18. Since the tests were performed during 

drilling, bit-rock interaction is constantly occurring during each step response, and therefore we 

can model rotary actuator dynamics with the influence of geology. 

The same approach to concatenation of step responses was employed, as described in Section 

5.2.1. An example of ‘while drilling’ concatenated data is given below in Figure 30. 
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Figure 30: Concatenated ‘while drilling’ rotary step response test data – increases 

 

In Figure 30 the blue line is the rotary voltage request (input), set by the drill operator, and the red 

line is the rotary motor voltage reached. The y-axis is rotary speed given as a voltage and the x-

axis is time in seconds. Hole 28 D18 was recorded with a sampling rate of 400Hz. 

5.2.2.1 Rotary Actuator Dynamics ‘While Drilling’ – Increases 

The concatenated data shown in Figure 30 was input to the Matlab system identification toolbox 

and was then used to model the rotary actuator increases ‘while drilling’. The dynamic model that 

was fit to the input-output data is given by the transfer function below: 
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 ( )  
                                      

                                      
 

Equation 15: Discrete time transfer function – rotary increases ‘while drilling’ 

 

 

Figure 31: Simulated step response plot – rotary increases ‘while drilling’ 

 

Figure 31 shows the step response plot based on the model defined by Equation 15, for the rotary 

actuator increases ‘while drilling’. It can be seen that the rise time is 1.97 seconds, the settling 

time is 3.45 seconds and the steady state value is 0.85. The step response plot is again consistent 

with that of an over damped system. 
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Figure 32: Bode magnitude plot – rotary increases ‘while drilling’ 

 

Figure 32 shows the magnitude only Bode plot, based on the model defined by Equation 15, of 

the rotary actuator increases ‘while drilling’. Highlighted on the plot is the -3dB point relative to 

the d.c. gain, at a frequency of approximately 0.18 Hz. This is indicative of the natural frequency 

of the system. 
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5.2.2.2 Rotary Actuator Dynamics ‘While Drilling’ – Decreases 

 

Figure 33: Concatenated ‘while drilling’ rotary step response test data – decreases 

 

Figure 33 shows the concatenated input-output data used for the system identification. It was 

concatenated in the same manner as for the previous cases. The dynamic model that was fit to the 

input-output data is given by the transfer function defined below: 

 ( )  
                                           

                                  
 

Equation 16: Discrete time transfer function – rotary decreases ‘while drilling’ 
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Figure 34: Simulated step response plot – rotary decreases ‘while drilling’ 

 

Figure 34 shows the step response plot based on the model defined by Equation 16, for the case of 

rotary actuator decreases ‘while drilling’. It can be seen that the rise time is 3.66 seconds, the 

settling time is 6.52 seconds and the steady state value is 0.888. The step response plot is again 

consistent with that of an over damped system. 

Figure 35 shows the magnitude only Bode plot, based on the model defined by Equation 16, of 

the rotary actuator decreases ‘while drilling’. Highlighted on the plot is the -3dB point relative to 

the d.c. gain, at a frequency of approximately 0.10 Hz. 
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Figure 35: Bode magnitude plot – rotary decreases ‘while drilling’ 

 

5.3 Feed Actuator Dynamics 

The feed actuator dynamics govern the response of the machine to inputs from the operator for 

penetration rate (ft/min). In order to gain a better understanding of the machine dynamics it was 

decided that the feed actuator dynamics would be modeled twice; once ‘in air’ with no bit-rock 

interaction, and once ‘while drilling’ with definite bit-rock interaction. This is the same approach 

used for the rotary actuator dynamics. 

Once again, it was postulated that the feed actuator dynamics might differ depending upon if the 

input is an increase or decrease in penetration rate. For this reason the analysis of each has been 

kept separate. 

The investigation of the feed actuator dynamics was carried out in much the same manner as 

implemented in the previous section for the rotary actuator dynamics. The investigation will 
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include four cases; feed increases ‘in air’, feed decreases ‘in air’, feed increases ‘while drilling’, 

and feed decreases ‘while drilling’. 

5.3.1 Feed Actuator Dynamics ‘In Air’ 

The data used in this section was collected during the same ‘in air’ step response tests as 

described in Section 5.2.1 which were done in Hole 22 D19. For a more in depth overview of how 

the test was conducted please consult the aforementioned section. 

For comparative purposes Figure 36 shows the concatenated input-output data sent to the Matlab 

system identification toolbox to model the feed actuator increases ‘in air’. 

 

Figure 36: Concatenated ‘in air’ feedrate step response test data – increases 
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5.3.1.1 Feed Actuator Dynamics ‘In Air’ – Increases 

The concatenated data in Figure 36 was input to the Matlab system identification toolbox. The 

dynamic model that was fit to the input-output data is given by the transfer function defined 

below: 

 ( )  
                                            

                                    
 

Equation 17: Discrete time transfer function – feedrate increases ‘in air’ 

 

Figure 37 shows the step response plot, based on the model defined by Equation 17, for feed 

actuator increases ‘in air’. It can be seen that the rise time is 2.93 seconds, the settling time is 5.22 

seconds and the steady state value is 1.04. The step response plot is consistent with that of an over 

damped system. 
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Figure 37: Simulated step response plot – feedrate increases ‘in air’ 
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Figure 38: Bode magnitude plot – feedrate increases ‘in air’ 

 

Figure 38 shows a magnitude only Bode plot, based on the model defined by Equation 17, of the 

feed actuator increases ‘in air’. Highlighted on the plot is the -3dB point which corresponds to a 

frequency of approximately 0.13Hz. 
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5.3.1.2 Feed Actuator Dynamics ‘In Air’ – Decreases 

 

Figure 39:  Concatenated ‘in air’ feedrate step response test data – decreases 

 

The concatenated data in Figure 39 was input to the Matlab system identification toolbox. The 

dynamic model that was fit to the input-output data for the case of feed actuator increases ‘in air’ 

is given by the transfer function defined by Equation 18 below: 

 ( )  
                                              

                                    
 

Equation 18: Discrete time transfer function – feedrate decreases ‘in air’ 

 

Figure 40 shows the step response plot, based on the model defined by Equation 18, of the feed 

actuator decreases ‘in air’. It can be seen that the rise time is 2.1 seconds, the settling time is 3.75 
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seconds and the steady state value is 1.08. The step response plot is, once again, consistent with 

that of an over damped system. 

 

Figure 40: Simulated step response plot – feedrate decreases ‘in air’ 
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Figure 41: Bode magnitude plot – feedrate decreases ‘in air’ 

 

Figure 41 shows a magnitude only Bode plot, based on the model defined by Equation 18, of the 

feed actuator decreases ‘in air’. Highlighted on the plot is the -3dB point which corresponds to a 

frequency of approximately 0.19Hz. This is indicative of the natural frequency of the system. 

5.3.2 Feed Actuator Dynamics ‘While Drilling’ 

The experimental data from which the models in this section are derived was taken from the 

group of holes found in DATAQ data file D06F0082. This data group contained logs of 15 drilled 

holes. The data from these 15 holes was examined and the time interval of each usable step input, 

complete with settling time, was documented. As was done with the previous subsections, the 

intervals were classified as either a step increase or a step decrease. 
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5.3.2.1 Feed Actuator Dynamics ‘While Drilling’ – Increases 

 

Figure 42: Concatenated ‘while drilling’ federate step response test data – increases 

 

The concatenated data in Figure 42 was input to the Matlab system identification toolbox. The 

dynamic model that was fit to the input-output data is given by the transfer function defined 

below: 

 ( )  
                                      

                                 
 

Equation 19: Discrete time transfer function – feedrate increases ‘while drilling’ 
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Figure 43: Simulated step response plot – feedrate increases ‘while drilling’ 

 

Figure 43 shows the step response plot, based on the model defined by Equation 19, for the 

feedrate increases ‘while drilling’. It can be seen that the rise time is 2.09 seconds, the settling 

time is 4.4 seconds and the steady state gain is 0.648. The step response plot is consistent with 

that of a damped system. 
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Figure 44: Bode magnitude plot – feedrate increases ‘while drilling’ 

 

Figure 44 shows the magnitude only Bode plot, based on the model defined by Equation 19, for 

the feedrate increases ‘while drilling’. Highlighted on the plot is the -3dB point relative to the d.c. 

gain, at a frequency of approximately 0.17 Hz. 
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5.3.2.2 Feed Actuator Dynamics ‘While Drilling’ – Decreases 

 

Figure 45:  Concatenated ‘while drilling’ federate step response test data – decreases 

 

The concatenated data in Figure 45 was input to the Matlab system identification toolbox. The 

dynamic model that was fit to the input-output data is given by the transfer function defined 

below: 

 

 ( )  
                                    

                                  
 

Equation 20: Discrete time transfer function – feedrate decreases ‘while drilling’ 
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Figure 46: Simulated step response plot – feedrate decreases ‘while drilling’ 

 

Figure 46 shows the step response plot, based on the model defined by Equation 20, for feedrate 

decreases ‘while drilling’. It can be seen that the rise time is 3.02 seconds, the settling time is 5.67 

seconds and the steady state gain is 0.715. The step response plot is consistent with that of an over 

damped system. 
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Figure 47: Bode magnitude plot – feedrate decreases ‘while drilling’ 

 

Figure 47 shows a magnitude-only Bode plot, based on the model defined by Equation 20, for 

feedrate decreases ‘while drilling’. Highlighted on the plot is the -3dB point relative to the d.c. 

gain, at a frequency of approximately 0.11 Hz. 

5.4 Conclusions 

The drill actuator dynamics have been identified. It has been shown that different transfer 

functions apply for different drilling cases (‘in air’ or ‘while drilling’, and for increases or 

decreases). These transfer function are shown as Equations 13 – 20. These results will be used for 

simulation purposes in the next chapter. 

Table 3 shows the type of model and order used for each drilling case.  The ‘fit’ of the model is 

also shown. Here fit is calculated as the root mean square value of the difference between the 

measured output and the simulated output. 
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Table 3: System Identification models used 

 

It should be noted that all models show a relatively good fit with the measured data with the 

exceptions being feed while drilling. Much of this is due to the fact that only the process on the 

drill can be modeled with certainty. Once the drill engages with the pre-existing rock geology 

there are a lot of unknowns introduced into the system and creating a very precise model becomes 

problematic. 

5.4.1 Rotary Actuator Dynamics 

Table 4 summarizes the results of identifying the rotary actuator dynamics. It can be seen that the 

system has a non-unity gain of approximately 0.85. This is anomalous, since the system is 

expected, based on its design, to have a unity gain (1.0). 

The most likely cause of this non-unity gain is incorrect scaling on the feedback of rotary speed. 

The P&H 120A does not employ a rotation speed sensor. Instead it relies simply on the rotary 

motor voltage signal as feedback, which is, in theory, proportional to the rotary speed. The rotary 

motor voltage is acquired via the PLC and then scaled internally in software into units of RPM, 

prior to being displayed on the operator’s panel. Thus, it is believed that the scaling in the PLC to 

convert the voltage value to an RPM value is erroneous. 
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Rotary Actuator Dynamics 

Operational State 

tr 

(sec) 

ts 

(sec) 

d.c. 
Gain 

-3dB 
frequency (Hz) 

Increases - In Air 2.32 4.13 0.851 0.15 

Decreases - In Air 3.41 6.13 0.843 0.10 

Increases - Drilling 1.97 3.45 0.850 0.18 

Decreases - Drilling 3.66 6.52 0.888 0.10 

 

Table 4: Summary of Rotary Actuator Dynamics 

 

Also apparent from Table 4 is that decreases in RPM have a significantly slower response than 

increases in RPM, whether while drilling or in air. This cannot be explained by any of the 

physical models of the actuator, or of the bit-rock interaction. Therefore it is postulated that the 

Avtron Digital Drive which regulates the set point from the PLC, and closes the loop around the 

d.c. rotary motor, is configured to have different responses for positive and negative departures 

from steady state.  

Examining increases in RPM, the response is seen to speed up in drilling as compared to in air. As 

shown in Chapter 2 (the model from [Abdulgalil et al, 2004]), the interaction between rock and bit 

can be approximated by the interaction between a second-order dynamic system and an additional 

damping and inertia. That model was developed for petroleum drilling, however in the case of 

blasthole drilling with much shorter holes the additional damping is minimal and the primary 

influence is an increase in inertia. Since the undamped natural frequency of a second-order system 

is proportional to the square root of the stiffness divided by the inertia, and the inertia increases 

while drilling, the model predicts that the response will be faster while drilling – which is in 

accordance with the observed behaviour. 

For decreases in RPM, the response is seen to slow down in drilling as compared to in air. Again, 

it is postulated that the Avtron Digital Drive which regulates the set point from the PLC, and 
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closes the loop around the d.c. rotary motor, is configured to have different responses for different 

torque loadings. 

5.4.2 Feed Actuator Dynamics 

Table 5 summarizes the results of identifying the feed actuator dynamics. 

Feed Actuator (Feedrate) Dynamics 

Operational State 

tr 

(sec) 

ts 

(sec) 

d.c. 
Gain 

-3dB 
frequency (Hz) 

Increases - In Air 2.93 5.22 1.04 0.13 

Decreases - In Air 2.1 3.75 1.08 0.19 

Increases - Drilling 2.09 4.4 0.648 0.17 

Decreases - Drilling 3.02 5.67 0.715 0.11 

 

Table 5: Summary of Feed Actuator (Feedrate) Dynamics 

 

 

As can be seen from these results: 

 The results in air indicate that the feedrate responses are inherently faster for decreases 

than for increases. This is not consistent with expectations, since there is a gravity load on 

the feedrate actuator of approximately 25% of full scale. As for the case of the rotary 

actuator, it is postulated that the Avtron Digital Drive which regulates the set point from 

the PLC, and closes the loop around the d.c. feed motor, is configured to have different 

responses for positive and negative departures from steady state. 

 The d.c. gain decreases when drilling, as compared to in air. This is consistent with the 

bit-rock interaction providing a large steady-state disturbance which opposes motion, and 

hence leads to a steady-state error. 
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 The dynamic response for decreases in feedrate slows down when drilling, as compared 

to in air. This is in line with expectations, since the bit-rock interaction while drilling 

resists faster penetration through the rock. 

 The dynamic response for increases in feedrate is faster when drilling, as compared to in 

air. This is not in line with expectations, since the bit-rock interaction while drilling 

resists faster penetration through the rock. This particular result merits further future 

investigation. 
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Chapter 6 

Controller Design & Simulation Model 

 

6.1 The Control Strategy Used and Previous Work 

This chapter, and the next chapter, build upon previous work by Claude E. Aboujaoude at McGill 

University, under the supervision of Professor Laeeque Daneshmend [Aboujaoude 1991]. That 

prior research project collected field data, analyzed it to construct simulation models, used the 

models to construct a software simulator of a hydraulically actuated rotary blasthole drill, and 

tested control system strategies on the simulator. For the remainder of this thesis, Aboujaoude’s 

prior project will be referred to as the ‘previous work’. 

For the purposes of this thesis, the drilling process to be controlled is considered to be free of any 

‘exceptional’ conditions or operational disruptions. Exceptions could include, but are not limited 

to, excessive vibration, drill bit failure, drill string jamming, rock cavities, and zones of fractured 

rock. Operational disruptions could include, but are not limited to, operator shift change, water 

tank filling, collaring holes, and cleaning holes. After having excluded these events, what remains 

is the ‘normal’ drilling process. This process can then be described as a time-varying dynamic 

system which is subject to various disturbances. The inclusion of the exceptions and disruptions 

transforms the drilling process from a time-varying dynamic system to one which has, in addition, 

a finite number of structured states. 

These observations lead us in the direction of a two-tiered control strategy. A two-tiered strategy 

simply means that there are two control loops; an inner loop and an outer loop. The outer loop 

includes all of the exceptions and disruptions previously stated – a low frequency loop with 

instantaneously occurring events. The high frequency (relative to the outer loop) inner loop deals 

with what can be classified as all ‘normal’ drilling. Classical control techniques can be applied to 
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the inner control loop. However, a knowledge-based reactive strategy or ‘supervisory system’ 

must be implemented on the outer control loop. Supervisory control was not covered in the 

previous work, and will not be covered in this thesis. Instead, the inner control loop, dealing with 

‘normal’ drilling conditions will be the focus of the control strategy. More about supervisory 

control can be found in Section 2.4.3, including Figure 12 which shows supervisory control in a 

two-tiered control loop as described above. 

6.1.1 Control Philosophy 

The input variables to the drilling process are rotary speed (RPM) and thrust (lbs). The control 

system’s manipulated variables are limited to one of these, with the other assumed to be supplied 

by the drill operator (or by a supervisory control layer). In both the prior project and in this thesis, 

the manipulated variable was thrust, with rotary speed assumed to be preset by the operator. This 

coincided with what was observed in the field, where the operator would typically set a constant 

rotary speed but alter the feed. 

The previous work implemented two control philosophies in its inner control loop: penetration per 

revolution control and rotation pressure control. These same two philosophies were used in the 

control system for this thesis. 

6.1.1.1 Penetration-per-Revolution Control 

This control philosophy regulates the penetration per revolution, or 
 

 
 , with respect to a preset 

value, by adjusting thrust. The rationale behind this approach is based in the height of the teeth 

(carbide cutters) on the bit. If the teeth become buried, the bit does not function efficiently, and 

this can lead to excessive torque overloading, bit and bearing failure and, in turn, reduced bit life. 

Regulating 
 

 
 so that it is less than the carbide cutter/tooth height prevents the teeth on the bit from 

being buried during the drilling process. 
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If the correct preset value is chosen, 
 

 
 control will protect the bit from all of these adverse effects. 

In order to choose the optimal value for 
 

 
 control, the rock types being drilled must also be taken 

into account, so that the choice of 
 

 
 value does not cause the drill to be exposed to severe 

vibrations [Aboujaoude 1997]. 

6.1.1.2 Rotation Pressure Control 

This control philosophy simply regulates rotation pressure or Prot (equivalent to rotary torque) at a 

preset value, which is equivalent to maintaining rotary torque below a specified limit, by 

manipulating thrust. For a specific thrust, higher rotation pressure is caused by harder rock and, in 

turn, lower rotation pressure occurs in softer rock. The Prot preset value is set by taking into 

account the rotary torque limits of the machine. Under this control scenario, penetration rate is 

maximized for the particular combination of operator specified rotary speed and the preset Prot 

value. 

6.1.1.3 Implementing Both Control Strategies 

The two control strategies described in the previous sections are similar, in that they both use F 

(thrust) as the manipulated variable. However, they attempt to control two separate things (
 

 
 and 

Prot). Due to this a switching mechanism is required, which will employ logic based on the current 

operating conditions, so that each control strategy is invoked at the appropriate time. 

The switching logic utilises 
 

 
 control as the default control strategy. The switching logic 

continually monitors both the penetration per revolution constraint (
 

 
 preset) and the rotation 

pressure constraint (Prot preset) while implementing 
 

 
 control. If the rotation pressure constraint is 

violated (Prot is exceeded) and the penetration per revolution constraint is still satisfied then the 

logic will ‘switch’ to implementing Prot control. The switching logic then continually monitors 

only the 
 

 
 constraint, and will ‘switch’ back to 

 

 
 control if it is violated. With this monitoring 
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process continually occurring, both control strategies can effectively, and safely, be implemented 

in the simulator and, if desired, in the real world. For added clarity, simplified pseudo-code of the 

switch logic is shown below. The actual switch logic appears in the appendices which contains all 

MATLAB code. 

 

Figure 48: Simplified pseudo-code of the controller switching logic from the simulator 

 

6.1.2 Controller Implementation 

It was decided that Proportional-Integral-Velocity (PIV) control would be implemented as the 

control algorithm of choice, as had been implemented by Aboujaoude in the previous work. That 

previous work had shown that a PID-controller simply connected in series with the drilling 

process, while the approach typically adopted, does not provide the robustness required for this 
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application. For this reason a PI-controller connected in series to the plant, with a second minor 

feedback loop solely acting on the filtered derivative of the plant output, was chosen. This slightly 

changes the PID-controller equation, originally given in Section 2.4.1.4, as can be seen below: 

 ( )   [   
  
 
]  ( )  

  
     

 ( ) 

Equation 21: PIV controller 

 

When implementing a PIV controller, derivative control is applied to the output y, instead of the 

error e. In addition, the output y is first low-pass filtered, using a first-order filter, to avoid use of 

a noisy feedback signal. 

The benefits of implementing PIV control in place of PID control are: better responsiveness and 

more robustness. The drawbacks of using PIV control instead of PID control are: typically added 

hardware costs and that the use of PIV control is application dependent. In some environments it 

may not be possible to get feedback from the plant output.  Since this work was only conducted 

on a software based simulation there were no challenges using PIV control. The author does not 

foresee any challenges which would prevent using PIV control on a working rotary blasthole drill. 

A block diagram representation of the PIV controller is shown below in Figure 49. The detailed 

Simulink block model of the controller can be found in the appendices. 
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Figure 49: Block diagram representation of the PIV controller 

 

As can be seen in Figure 49, the control signal (u) is passed through a saturation block, to ensure 

the signal is within a feasible range, and a zero-order-hold block, which maintains the output 

signal constant during the sampling interval. 

6.2 Customizing the Controller / Simulator for the Current Application 

The previous work by Aboujaoude was for a hydraulic drill. When working with hydraulic 

systems there can be significant lag associated with actuator responses, with time constants 

ranging from seconds to tens of seconds. Therefore, the controller design and implementation in 

the previous work had to take this hydraulic lag into account. 

Another significant change between the previous work and this research is that the P&H 120A’s 

machine dynamics, as identified in Chapter 5, were used in the construction of the plant. These 

machine dynamics were also defined in much greater detail than was done in the previous work. 

They include two different transfer functions (depending on the scenario) for each actuator, as 

opposed to one transfer function per actuator as had been done in the previous work. With the 
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inclusion of these dynamics the simulator will now mimic the response of the P&H 120A to 

varying rock types while connected to the controller. 

Lastly, it should be mentioned that the simulator in this thesis will use the geological data from 

Aboujaoude’s previous work. The reasoning for this is twofold: Firstly, the geology from the test 

site of the previous work is more complex than the current test site, and hence presents a more 

challenging test of a controller’s design. Secondly, the previous work’s field site had been 

geophysically logged, enabling much more accurate geological modelling in terms of drilling 

response to different rock types. 

6.4 The Blasthole Drill Simulator 

A block diagram representation of the simulator is shown in Figure 50. This block diagram was 

implemented in Simulink, and used for controller testing. The simulator replicates the simulator 

constructed by Aboujaoude in the previous work. (However, it should be noted that the previous 

work used a combination of Simulink and ACSL software simulation tools, since at that time 

Simulink lacked the capability to implement non-linear system simulation.) The details of the 

Simulink model implementation for this thesis can be found in the appendices. The simulated 

plant includes both the drilling process and the drill’s actuator dynamics. 

The inputs to this simulator are N, W and D, where: 

  N is the rotary speed set-point and would be supplied by the operator or a supervisory 

control loop 

 W is the thrust set-point (shown here as feed pressure) and would be supplied by the 

feedback controller 

 D is the start depth. This allows simulations to be started at varying depths 
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Figure 50: Overall Simulator Block Diagram 
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The simulator consists of several key blocks: 

 feed actuator dynamics 

 rotary actuator dynamics 

 geological model (stratigraphy) 

 penetration rate 

 empirical disturbance pressure (labelled ‘arbitrary’ disturbance pressure) 

 rotation pressure 

 
 

 
 calculation 

 bit-loading 

The feed and rotary actuator dynamics blocks contain the transfer function of their respective 

motor as well as the transport lag (if modeling a hydraulic system as in the previous work). 

The stratigraphy block takes the current depth and uses it as a pointer to locate the corresponding 

rock strata of the test bench. All of the stratigraphic data of the test bench is stored in the 

stratigraphy block. The stratigraphy data is then supplied to some of the other blocks within the 

simulator. 

The penetration rate block calculates the penetration rate based on the inputs (W and N) and the 

current rock strata. The equations used for these calculations are given in Section 6.4.2. 

The disturbance pressure block is labelled as arbitrary. This is because there are two techniques 

that can be used to calculate disturbance pressure: Warren’s equations and empirical modelling 

(arbitrary). For this application the empirical method yields a much better result and, therefore, is 

the disturbance pressure block present in Figure 50. 

The rotation pressure block calculates rotation pressure based on the input rotary speed and the 

current disturbance pressure. 
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The outputs from this simulator block diagram are all for display purposes only. They are 
 

 
, 

penetration rate, rotation pressure, and depth. If this simulator were connected to the controller, 

there would be several more outputs connected to the controller. 

The bit-loading block simulates the slight rotary speed ‘droop’ (steady-state error) which can be 

noticed as rotation pressure increases due to loading of the bit. This phenomenon is dependent 

upon the machine mechanics, and since the previous work is on a hydraulic machine and the 

current work is on an electric machine, it is only applicable to the previous work. Therefore, the 

bit-loading block has only been included in the simulator for replicating the previous work’s 

results. It has not been included in the version of the simulator used to model the current P&H 

120A results. 

It is important to note that the simulator plant is completely self-contained and there is no overlap 

with the controller. This is important as it allows controllers with completely different structures 

to be interfaced with the simulator and fine-tuned. 

6.4.1 Inconsistencies in the Simulator Block Diagram of the Previous Work 

When replicating the previous work [Aboujaoude 1991] it was determined that a significant error 

existed in a key figure in that thesis (‘Figure 7.5: Plant block diagram’ of [Aboujaoude 1991]). 

The figure in that thesis unintentionally omitted the bit-loading block which has been described in 

the previous section. The bit-loading block contains a key equation which must be included in the 

simulator to produce accurate results for the hydraulic drill. This equation (‘Equation 6.3’ in 

[Aboujaoude 1991]) has been reproduced below. 

                       

Equation 22: Bit-loading equation [Aboujaoude 1991] 
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If the bit-loading block is not included in the simulator and, in-turn, Equation 22 is not taken into 

account then the results will become compromised for not just rotary speed but for any period in 

the simulation where 
 

 
 control is being implemented. Hence it is important to note that for any 

future work which builds upon the previous work [Aboujaoude 1991], it is vital to recognize that 

‘Figure 7.5’ in that thesis is incorrect. 

6.4.2 Geophysical Modelling 

As previously stated, due to the limited resources available we were unable to have geophysical 

logs completed on the test location for the data gathered in this thesis. Typically, a geophysical 

log consists of gamma, density, calliper, and sonic logs. The first three logs give a good 

description of the different rock types and interfaces. Sonic logs provide a very accurate indicator 

of rock hardness. This data enables a detailed modelling of the geology in a hole. 

However, the previous work which had been completed in the early 1990s at McGill University 

[Aboujaoude 1991] was in an open-pit coal mining environment. During that work all of the 

above described logs were gathered, and based on this data a very accurate geological cross 

section was created. This enabled separate models to be defined, for each of the rock types 

present, relating the following variables: 

 penetration rate 

 penetration per revolution  

 disturbance pressure 

These models and the rock type properties are reproduced in the tables at the end of this section. 

Since these models were already available, it was decided to use them for the geological model of 

the new simulator implementation. An added benefit of modelling the drill simulator with data 

from a coal mine was the more complex nature of the geology. As stated earlier, the geology at 
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Minntac is fairly predictable and testing and tuning a controller against it would not create as 

robust a controller as one that is tested and tuned against more complex geology. 

Below are the five different rock types identified in the previous work [Aboujaoude 1991]: 

1. Bankston Fork Limestone (   > 12000 psi) 

2. Sandy Shale (2000 <    < 5000 psi) 

3. Anvil Rock Sandstone (5000 <    < 12000 psi) 

4. Lawson Shale (2000 <    < 5000 psi) 

5. Brereton Limestone (   > 12000 psi) 

Rock Type R fit R2 
% data 

discarded 

Bankston Fork 
Limestone R = 0.001178W0.9N1.085 0.950 27.12 

Anvil Rock 
Sandstone R = 0.029W0.614N1.028 0.894 29.16 

Lawson Shale R = 0.335W0.5053N0.6796 0.933 13.15 

Sandy Shale R = 0.49012W0.4889N0.6191 0.864 36.67 

Brereton Limestone R = 0.0004696W1.08N0.982 0.969 20.73 

 

Table 6: Penetration rate fit in five different rock types [Aboujaoude 1991] 
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Rock Type R/N R/N > 0.5 in 

Bankston Fork 
Limestone R/N = 2.35 x 10-4W0.9N0.085 - 

Anvil Rock 
Sandstone R/N = 0.0058W0.614N0.028 

W > 1200 psi 
0 < N < 120 RPM 

Lawson Shale R/N = 0.067W0.5053N-0.3204 
W > 1200 psi 

0 < N < 120 RPM 

Sandy Shale R/N = 0.098W0.4889N-0.3809 
W > 1200 psi 

0 < N < 120 RPM 

Brereton Limestone R/N = 9.392 x 10-5W1.08N-0.018 - 
 

Table 7: R/N in five different rock types [Aboujaoude 1991] 

 

Rock Type Pdist R2 
% data 

discarded 

Bankston Fork 
Limestone Pdist = 5.046W0.791 0.93 0 

Anvil Rock 
Sandstone Pdist = 11.756W0.707 0.95 6.25 

Lawson Shale Pdist = 16.418W0.645 0.96 7.14 

Sandy Shale Pdist = 14.525W0.664 0.97 1.67 

Brereton Limestone Pdist = 6.098W0.779 0.81 8.53 
 

Table 8: Pdist evaluated in five different rock types, using an empirical model [Aboujaoude 

1991] 
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Chapter 7 

Simulation Results 

 

7.1 Testing and Validating the Simulator 

The simulator that was created must first be tested, and its results validated, before it can be used 

to test controllers. Following simulator validation, the focus can shift to evaluating the control 

system. The geology being used, and therefore the fundamentals of the drilling process portion of 

the simulator itself, is based upon the previous work [Aboujaoude 1991]. Therefore it was decided 

that the most effective way to validate the simulator was by replicating the validation testing 

performed in Aboujaoude’s thesis. Note that this validation testing utilises the hydraulic actuator 

dynamics, so that we are comparing like with like. 

During the previous work by Aboujaoude, step response tests were conducted while drilling at the 

mine site. These tests were conducted with feed pressure as the manipulated variable, while 

maintaining rotary speed and rock type constant. Rotary speed was set to 60 RPM and the entire 

test was conducted while drilling in Anvil Rock Sandstone. Aboujaoude then successfully 

replicated these step tests using the simulator, thus proving its validity against actual field test 

data. 

Therefore, to show that the drilling simulator was successfully replicated for the current work, the 

same validation step tests will be used. For this validation test, the new simulator (with hydraulic 

actuator dynamics from the previous work) was programmed to only simulate drilling in Anvil 

Rock Sandstone. The rotary speed was set constant at 60 RPM and the feed pressure was varied 

from 0 – 1100 psi. The variations in feed pressure were done in such a way as to match the step 

tests conducted in the field during the previous work. The feed pressure steps used can be seen in 

Table 9. 
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Time 
(sec) 

Feedrate 
(psi) 

0 0 

18 275 

63 550 

100 825 

145 1100 

170 0 
 

Table 9: Feedrate step test used to validate the plant simulator 

 

Figure 51 shows the actual feed pressure recorded while drilling in Anvil Rock Sandstone as well 

as the previously simulated feed pressure in Anvil Rock Sandstone. Figure 52 shows the 

simulated feed pressure in Anvil Rock Sandstone from the new simulator. The newly simulated 

feed pressure matches up well with the previously simulated feed pressure. (The discrepancies 

between actual and simulated feed pressures remain the same in both simulators. These 

discrepancies are due to the actual non-homogenous nature of the rock, as well as inaccuracies in 

actuator dynamics modelling, and to unmodelled high frequency behaviour such as interaction of 

individual bit cones and teeth with the rock.) 

Figure 53 shows the actual and simulated rotation pressure from the previous work while drilling 

in Anvil Rock Sandstone. Figure 54 shows the simulated rotation pressure in Anvil Rock 

Sandstone using the new simulator. When examining Figures 53 and 54 it is once again apparent 

that the actual rotation pressure is quite noisy and also contains some exceptional geological 

situations (this accounts for the various spikes). If we ignore the noise and discount these ‘events’ 

(which were not taken into account when constructing the simulator) the simulation matches up 

with the actual data quite well. The new simulator’s results offer a good match to that of the 

simulation from the previous work. 
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Figure 55 shows the actual and simulated rotary speed from the previous work when drilling in 

Anvil Rock Sandstone. Figure 56 shows the simulated rotary speed using the new simulator, 

which again matches up with the previous simulation. Note that while the rotary speed set-point 

was kept constant at 60 RPM, actual rotary speed, as well as the simulated rotary speed, ‘droop’ 

due to higher torque loading at higher feed rates (feed pressures) resulting in increasing steady-

state error. 
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Figure 51: Actual and simulated feed pressures in Anvil Rock Sandstone from previous 

work [Aboujaoude 1991] 

 

Figure 52: Simulated feed pressure in Anvil Rock Sandstone using the new simulator 
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Figure 53: Actual and simulated rotation pressures in Anvil Rock Sandstone from previous 

work [Aboujaoude 1991] 

 

Figure 54: Simulated rotation pressure in Anvil Rock Sandstone using the new simulator 
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Figure 55: Actual and simulated rotary speed in Anvil Rock Sandstone from previous work 

[Aboujaoude 1991] 

 

Figure 56: Simulated rotary speed in Anvil Rock Sandstone using the new simulator 

 

Figure 57 shows the actual and simulated penetration rate from the previous work while drilling 

in Anvil Rock Sandstone. In this figure the actual penetration rate is given as an average value at 
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each constant feed pressure interval. The top left dot symbol beside the word Actual acts as a 

legend and should be interpreted as such when examining the data. 

Figure 58 shows the simulated penetration rate using the new simulator for drilling in Anvil Rock 

Sandstone. When comparing the newly simulated data with the actual drilling data the first three 

constant feed pressure zones match up exactly. When examining the 4
th
 constant feed pressure 

zone it can be seen that the newly simulated data matches the simulated data from the previous 

work but not the actual drill data. The author of the previous work [Aboujaoude 1991] had 

indicated that he suspected a non-homogeneous rock band existed between 100 – 145 seconds. He 

attributed these suspicions to the exceptional situations (spikes) that were recorded in the rotation 

pressure data during this time interval. He said that the presence of this rock band resulted in the 

discrepancy between the actual data and his simulated data. After revisiting the data and equations 

used to construct the simulator from the previous work, the author of the current work concluded 

that the results of the new simulator are accurate. It is this author’s position that the non-

homogenous rock band did, indeed, exist between 100 – 145 seconds. This would account for the 

discrepancy between the newly simulated data and the actual drilling data and, also, the spikes in 

the rotation pressure data are still visible in this zone. The only other difference between the 

simulated results from the previous work and the current are the non-zero values at the beginning 

and end of the test. These values are non-zero because the initial conditions for simulation appear 

not to have been set to zero in the past work, whereas they are initialized to zero in the current 

work. This zero value better matches the actual data set. 

Overall, it can be seen that the new simulator successfully replicates the simulator results from the 

previous work, and it can be concluded that the new simulator has been validated. 
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Figure 57: Actual and simulated penetration rate in Anvil Rock Sandstone from previous 

work [Aboujaoude 1991] 

 

Figure 58: Simulated penetration rate in Anvil Rock Sandstone using the new simulator 

 

7.2 Controller Interfaced to the Simulator – Hydraulic Drill 

Since the process simulator has been validated, it can now be interfaced with a control system. As 

outlined in Chapter 6, PIV control will be used. Following the same rationale as was used in 

validating the new implementation of the process simulator, the controller from the previous work 
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[Aboujaoude 1991] will be replicated and validated in this section. Once the controller 

implementation has been validated using the hydraulic (D75K) drill dynamics, those actuator 

dynamics will be removed and replaced with the P&H 120A actuator dynamics. The results of the 

simulations performed using the new actuator dynamics will be presented in the next section of 

this chapter. 

To test and tune the controller, the process simulator was programmed to simulate drilling in the 

five different rock layers. These rock layers were set to be of 1ft thickness and were sequenced in 

the same order as they had appeared at the mine site in the previous work. The thickness and 

sequencing of the rock layers is shown in Table 10 below. 

Rock Type 
Depth 

(ft) 

Bankston Fork Limestone 0 – 1 

Sandy Shale 1 – 2 

Anvil Rock Sandstone 2 – 3 

Lawson Shale 3 – 4 

Brereton Limestone 4 – 5 

 

Table 10: Thickness and sequencing of rock layers used to test and tune the controller 

 

As discussed in Chapter 5, the controller is capable of controlling the feed pressure of the drilling 

based on regulating either penetration-per-revolution or rotation pressure (rotary torque). The 

default control strategy is to regulate penetration-per-revolution. If the penetration-per-revolution 

control criterion is met, then the controller will regulate rotation pressure until the penetration-

per-revolution criterion is no longer met. This was shown with more clarity and detail in Figure 

48. 

The control criteria for both control strategies are dictated by the constant set-points supplied 

before the simulation is run. In practice these set-points would be input by the operator, and 
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would be set by the mine site, bearing in mind bit type, performance, geology, machine integrity 

and safety. The operator defined set-points are: 
 

    
, 
 

    
,        ,         and N. The units for 

both 
 

 
 values are 

    

   
 and for both      values are psi. The units for N are 

   

   
. It is important that 

 

    
 should always be at least 0.1 

    

   
 greater than 

 

    
 so as to provide a degree of hysteresis 

and prevent oscillation between the two control strategies. 

For the validation of the control system simulation in this section, the set-points and controller 

gains were set to be identical to the conditions for a simulation presented in the previous work by 

Aboujaoude. The set-points were set as follows: 

 

    
 = 0.6 

    

   
 

 

    
 = 0.5 

    

   
 

        = 3200 psi 

        = 2800 psi 

N = 130 
   

   
 

As was done in the previous work by Aboujaoude, the gains in the rotation pressure PIV 

controller were set to the following values:  

       , 
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Likewise the gains in the penetration-per-revolution PIV controller were set to the following 

values:  

       , 

       

      

Figure 59 shows the feed pressure with respect to depth in the varying rock layers from simulation 

under these conditions presented in the previous work. Figure 60 shows the feed pressure with 

respect to depth in the varying rock layers using the new simulator. Examining the two figures 

shows that they match up quite well. The only noticeable difference is a slightly larger overshoot 

with the new simulator. 

Figure 61 shows the rotation pressure with respect to depth in the varying rock layers from the 

previous work. Figure 62 shows the rotation pressure with respect to depth in the varying rock 

layers using the new simulator. Once again, the two plots match up well with the only difference 

being slightly larger overshoot in the new simulator. Examining the rotation pressure plot one can 

be observe where the rotation pressure control strategy is being used. Wherever the rotation 

pressure reaches a steady state of 2800 psi (       ) the control system is regulating rotation 

pressure. This occurs in the Bankston Fork Limestone band and the Brereton Limestone band. At 

the beginning of each of these bands (0 ft & 4 ft, respectively) the system is in penetration-per-

revolution control but then rotation pressure exceeds 3200 psi (       ). Since the penetration-

per-revolution control criterion is then not satisfied, the system switches to rotation pressure 

control. This matches up exactly with what happens in the previous work’s simulation. 

Figure 63 shows the penetration-per-revolution with respect to depth in varying rock layers from 

the previous work. Figure 64 shows the penetration-per-revolution with respect to depth in 
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varying rock layers using the new simulator. Again, the plots match up with the exception of 

slightly larger overshoot in the new simulator. Looking closely at the penetration-per-revolution 

plot, one can see where penetration-per-revolution control is being implemented. Wherever the 

penetration per revolution reaches a steady state of 0.5 
    

   
 (
 

    
) the control system is regulating 

penetration-per-revolution. This occurs in the Sandy Shale, Anvil Rock Sandstone and Lawson 

Shale bands. It can also be seen that the only time 0.6 
    

   
 (
 

    
) is exceeded is at the start of 

the Sandy Shale band (at approximately 1 ft). This causes the controller to stop regulating rotation 

pressure, and switch back to regulating penetration–per-revolution. 

Figure 65 and Figure 66 show rotary speed with respect to depth in varying rock layers from the 

previous work, and rotary speed with respect to depth in varying rock layers using the new 

simulator, respectively. These figures match closely, and since the rotary speed was given a fixed 

set-point of 130 RPM throughout the test, the only variations in it are dynamic transients during 

the transitions between rock types and ‘droop’ due to higher torque loading at higher penetration 

rates. 

Thus the only notable difference between the controller simulation results from the new simulator 

in comparison to the previous work is the slightly larger overshoot in the feed pressure, rotary 

pressure and penetration-per-revolution responses. An explanation for this can be found in the 

previous work. When describing his control system the author states: ‘In addition, a multitude of 

extra features has been implemented, such as integral windup prevention, integral preload and 

derivative limiting.’ [Aboujaoude 1991]. However, the author does not further document or 

explain any of these additional features. Therefore, it is impossible to exactly replicate the control 

system and, in turn, not possible to exactly replicate the results. This would explain the difference 

in overshoot found in the output from each controller. Such a minor difference between the 

controllers is unlikely to significantly impact validating and tuning a controller using the P&H 
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120A actuator dynamics. Thus it can be concluded that the control system simulation results from 

the previous work have successfully been replicated. 

It is important to note that the features of integral windup prevention, integral preload and 

derivative limiting have been implemented in the new simulator. For the full documentation of the 

new simulator please consult the appendices. 

 

 

Figure 59: Simulated feed pressure with respect to depth in varying rock layers from 

previous work [Aboujaoude 1991] 
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Figure 60: Simulated feed pressure with respect to depth in varying rock layers using the 

new simulator 

 

Figure 61: Simulated rotation pressure with respect to depth in varying rock layers from the 

previous work [Aboujaoude 1991] 
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Figure 62: Simulated rotation pressure with respect to depth in varying rock layers using 

the new simulator 

 

Figure 63: Simulated penetration per revolution with respect to depth in varying rock layers 

from the previous work [Aboujaoude 1991] 
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Figure 64: Simulated penetration per revolution with respect to depth in varying rock layers 

using the new simulator 

 

Figure 65: Simulated rotary speed with respect to depth in varying rock layers from the 

previous work [Aboujaoude 1991] 
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Figure 66: Simulated rotary speed with respect to depth in varying rock layers using the 

new simulator 
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7.3 Introducing the P&H 120A Drill Dynamics 

After the successful validation of the process simulator and the controller with the actuator 

dynamics of the D75K drill, the actuator dynamics were replaced with the models identified in 

Chapter 5 for the actuators of the P&H 120A. Since the modelling in Chapter 5 had shown the 

need for using separate models for increases versus decreases in both feed and rotary actuator 

dynamics, some additional logic also had to be added. The details of this logic can be seen in the 

simulator documentation found in the appendices. 

Once the P&H 120A drill dynamics have been introduced into the simulator, the controller must 

be re-tuned to accommodate these new dynamics. The purpose of this section is to provide a 

‘proof of concept’ that the simulator can accommodate the P&H 120A drill dynamics and that 

PIV control is applicable for these dynamics. As such, the PIV controller will be tuned only 

sufficiently that it can cope with the P&H 120A dynamics, at the pre-sets used for the D75K 

simulator. In the next section, the controller will be further tuned to work as smoothly as possible 

with the P&H 120A drill dynamics. Figures 67, 68, 69, 70 and 71 show the results from running 

the simulator with the same pre-sets as were used in Section 7.2 but with the addition of the P&H 

120A drill dynamics. These can be seen in Section 7.3.2. 

It should be noted that the P&H 120A is an electric machine and the D75K is a hydraulic 

machine. As such, both Figures 67 & 68 in Section 7.3.2, as well as Figures 72 & 73 in Section 

7.4 should display Feed and Rotary Currents in amperes. However, for comparison purposes 

between the current work and the previous work [Aboujaoude 1991] values will be left displayed 

as pressures in psi. The conversion process that can be used to change from Feed/Rotary Pressure 

in psi to Feed/Rotary Current in amperes will be reviewed below in Section 7.3.1. 
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7.3.1 Conversion from Feed/Rotary Pressure to Feed/Rotary Current 

From the manufacturer’s machine specifications we can derive the values for the following 

equations: 

                           

Equation 23: Weight-on-bit (feed force) for hydraulic drill 

 

                      

Equation 24: Weight-on-bit (feed force) for electric drill 

 

                                    

Equation 25: Rotary torque for hydraulic drill 

 

                                  

Equation 26: Rotary torque for electric drill 

 

The values for the D75K hydraulic drill are as follows [Sandvik 2011]:  

               ,                          

                         ,                           

The values for the P&H 120A are as follows [Harnischfeger, 2006]:  

                ,                      
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                        ,                       

Rearranging and solving for the unknown scaling factors, yields the following results: 

      
   

   
 

       
   

 
 

        
   

   
 

         
   

 
 

If it is assumed that           and                               then the 

following scaling equations are found: 

             
   
   

               

Equation 27: Feed scaling equation 

 

               
   
   

                

Equation 28: Rotary scaling equation 
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7.3.2 Results of Introducing the P&H 120A Drill Dynamics 

 

Figure 67: Simulated feed pressure with respect to depth in varying rock layers with the 

P&H 120A dynamics 

 

Figure 67 shows the simulated feed pressure with the P&H 120A dynamics introduced. Once 

again, all 5 rock layers are represented by 1 ft bands as was done in Section 7.2. It can be seen 

from examining the feed pressure plot that there is a large overshoot at the 1 ft mark. This 

happens to be where the controller switches from regulating rotation pressure to regulating 

penetration-per-revolution as can be seen in Figures 68 & 69. 

The feed pressure reaches equilibrium in all 5 rock layers. Further refining the integral windup 

prevention and integral preloading would eliminate the overshoots and undershoots. Further 

tuning of the gain would allow the controller to reach equilibrium faster in the Sandy Shale layer 

(1-2 ft). 



128 
 

 

Figure 68: Simulated rotation pressure with respect to depth in varying rock layers with the 

P&H 120A dynamics 

 

Figure 68 shows the simulated rotation pressure with the P&H 120A dynamics. Similar 

observations as were made previously for Figure 67 hold true. An additional point of interest is 

the equilibrium values in Bankston Fork Limestone (0 – 1 ft) and Brereton Limestone (4 – 5 ft). It 

can be seen that this value is 2800 psi (       ) which indicates the controller is regulating 

rotation pressure and the steady state error is minimal. 
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Figure 69: Simulated penetration per revolution with respect to depth in varying rock layers 

with the P&H 120A dynamics 

 

Figure 69 shows the simulated penetration-per-revolution with the P&H 120A dynamics. In this 

plot it is important to note the steady states in Sandy Shale (1 – 2 ft), Anvil Rock Sandstone (2 – 3 

ft) and Lawson Shale (3 – 4 ft). The value at these steady states is 0.5 
    

    
 (
 

    
) which indicates 

that the controller is regulating penetration-per-revolution and that the steady state error is 

minimal. However the overshoot at the 1ft transition, of almost 0.9 in/rev, is unacceptably large. 

The typical method for determining 
 

    
 is to set it at half the carbide/tooth height. Thus, as 

 

 
 

approaches twice the value of 
 

    
 it would likely result in ‘burying’ the bit. This would then 

require operator intervention, to retract the bit off the bottom of the hole in order to unclog the bit-

air nozzles. 
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Figure 70: Simulated rotary speed with respect to depth in varying rock layers with the 

P&H 120A dynamics 

 

Figure 70 shows the simulated rotary speed with the P&H 120A dynamics. This appears quite 

different than the simulated rotary speed with the D75K dynamics (Figure 66), since the electric 

actuator does not suffer from increasing steady-state error with additional torque loading. With 

the P&H 120A dynamics in the system the rotary speed reaches equilibrium, but the equilibrium 

point is at approximately 105 
   

   
 which is well under the set-point of 130 

   

   
. This result is 

consistent with the findings of Section 5.4.1 in which the rotation actuator dynamics were found 

to have a non-unity gain of approximately 0.85. 
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Figure 71: Simulated penetration rate with respect to depth in varying rock layers with the 

P&H 120A dynamics 

 

Figure 71 shows the simulated penetration rate in 
    

    
 with the P&H 120A dynamics. These 

results show realistic penetration rates with the larger penetration rates occurring in the softer 

material (1-3 ft) and the lower rates occurring in the harder material (0-1 ft, 4-5 ft). 

After reviewing the above results, it can be concluded that the P&H 120A dynamics were 

successfully implemented in the simulator and tested with the controller and process simulator 

replicated from the previous work by Aboujaoude. Further refining of the control system, using 

the observations and suggestions noted in this section, would result in a more responsive 

controller for the P&H 120A dynamics. The results of controller refinement are presented in the 

next section. 
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7.4 Tuning the Controller to the P&H 120A Dynamics 

To demonstrate the usefulness of the simulator, the controller was re-tuned to eliminate (as much 

as possible) the overshoots observed in Section 7.3. The tuning procedure used was that of a 

systematic trial and error approach. For the purposes of this thesis, a systematic trial and error 

tuning procedure will be defined as following the steps below: 

 Starting with proportional gain, a reasonable value is chosen and then coarsely tuned (by 

values of 20 – 40% of chosen gain) until satisfactory performance is observed. 

 Secondly, integral gain is tuned. A reasonable value is chosen and then coarsely tuned (by 

units of magnitude) until satisfactory performance is observed. 

 At this point, it may seem prudent to re-tune the proportional gain. Once again the system 

is only coarsely tuned but, this time, more finely so (5 – 10% of gain). 

 Lastly, fine tuning takes place. This is accomplished, first, by tuning the velocity gain 

coarsely (20 – 40% of chosen gain) and then by further fine tuning proportional, integral, 

and velocity gain as needed. 

Through experimentation on the simulator, using the above tuning procedure, new controller 

gains were determined. The original and the new controller gains can be compared in Table 11 

below: 

  
Non-Tuned 

Gains Tuned Gains 

Prot KP = 0.05 KP = 0.5 

  KI = 0.1 KI = 2.5 

  KV = 0 Kv = 0 

R/N KP = 4000 KP = 400 

  KI = 500 KI = 5000 

  KV = 50 KV = 100 

 

Table 11:  Comparing Tuned and Non-Tuned Gains 
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7.4.1 Anti-Windup Solution 

During the tuning described at the beginning of Section 7.4, it was observed that the large 

overshoot occurring at the 1ft mark (where the system switches from controlling      to 
 

 
) was 

not decreasing despite implementing drastically different gains. This brought forth the realisation 

that windup was occurring in the control mode that was not currently implemented by the system.  

Upon further investigation it was determined that integrator windup was occurring in the 
 

 
 loop 

when not in use.  

Anti-windup was programmed and implemented.  Windup was prevented from occurring in the 
 

 
 

loop by resetting the integral gain to its pre-set internal minimum value of 1500 psi when not in 

the 
 

 
 control mode. The integral gain block is the main source of windup, and since there are two 

types of control modes utilized, when one PIV block is not used its integral gain will inherently 

rise and remain at its pre-set internal maximum value unless programmed to do otherwise. For a 

more complete understanding of exactly how each of the blocks were set up in the simulator 

please consult the appendices. 
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7.4.2 Results of Tuning the Controller to the P&H 120A Dynamics 

 

Figure 72: Comparison of tuned and non-tuned Controller: simulated feed pressure with 

respect to depth in varying lock layers with the P&H dynamics 

 

Figure 72 compares the response of the tuned controller to the non-tuned controller for simulated 

feed pressure with the P&H 120A dynamics. All 5 rock layers are still present in 1 ft bands as was 

previously done in Section 7.2 and Section 7.3. While there are still some overshoots at about the 

0.25 ft and 4 ft marks these are well within reasonable values for feed pressure (neither even 

reaches 3000 psi). These spikes are not caused by the gains in the controller, but by the switch 

occurring from one control method to another. With the switching philosophy used, they cannot 

be avoided. It should also be noted that the feed pressure reaches equilibrium in all 5 rock types 

and does so quickly and with great stability. 
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Figure 73: Comparison of tuned and non-tuned Controller: simulated rotation pressure 

with respect to depth in varying rock layers with the P&H 120A dynamics 

 

Figure 73 compares the response of the tuned controller to the non-tuned controller for simulated 

rotation pressure with the P&H 120A dynamics. The points where the rotation pressure exceeds 

3200 psi and causes the system to regulate based on      are easily visible by the spikes located at 

0.25 ft and 4 ft. The system can be seen to be very responsive as both spikes reach but do not 

exceed the maximum rotation pressure of 3200 psi. This is a promising sign, as over-pressures in 

rotation pressure can lead to damage to the rotary actuator on the machine. This plot also shows 

that, in the sections where      control is implemented, the system regulates rotation pressure at 

2800 psi as programmed (0.25 – 1 ft and 4 – 5 ft) and reaches equilibrium quickly and with no 

overshoot. 



136 
 

 

Figure 74: Comarison of tuned and non-tuned Controller: simulated penetration per 

revolution with respect to depth in varying rock layers with the P&H 120A dynamics 

 

Figure 74 compares the response of the tuned controller to the non-tuned controller for simulated 

Penetration-per-Revolution with the P&H 120A dynamics. At no point does the plot significantly 

exceed 0.5 
    

   
 except at the 1 ft point. At this point the system changes from regulating rotation 

pressure to 
 

 
. The spike reaches approximately 0.7 

    

   
 at the 1 ft mark, when entering the harder 

rock layer, and is of a very short duration. Although this is above 0.5 
    

   
 it is considered 

acceptable for our system, since it does not approach the critical value of twice 
 

    
, which might 

result in ‘burying’ the bit. It also can be seen that the system reaches the equilibrium point of 0.5 

    

   
 quickly and with little to no overshoot in the 3 rock layers in which 

 

 
 control is implemented 

(1 – 4 ft). 
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Figure 75: Refined simulated rotary speed with respect to depth in varying rock layers with 

the P&H 120A dynamics 

 

Figure 75 shows the refined simulated rotary speed with the P&H 120A dynamics. Since none of 

the PIV controller changes implemented affected the rotary speed dynamics there is no change 

from Figure 70 to this one. For a more detailed explanation of this plot please see the discussion 

of Figure 70. 
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Figure 76: Comparion of tuned and non-tuned Controller: simulated penetration rate with 

respect to depth in varying rock layers with the P&H 120A dynamics 

 

Figure 76 compares the tuned and non-tuned controller for simulated penetration rate in 
    

    
 with 

the P&H 120A dynamics. Once again, the results yield realistic penetration rates for the rock 

types encountered. Also, the large overshoot experienced at the 1 ft mark has not only been 

greatly reduced in magnitude but also in duration. 

Based on the results and observations of the above figures, it can be concluded that the re-tuning 

of the control loops was successful. Therefore this controller could be safely and successfully 

implemented on the P&H 120A drill. 

7.5 Simulator and Controller Conclusions 

A drilling process simulator was created in Simulink using geological information from a previous 

thesis done on drill control [Aboujaoude 1991], and replicating the structure of that previous 
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work’s simulation model. This replicated drilling process simulator was tested and validated using 

the same approach used in the previous work. The drilling process simulator is able to simulate 

five different rock types, and provides a versatile and easy to use tool for testing different drilling 

control strategies. 

The controller designed in the previous work was also implemented in Simulink, and interfaced 

with the drilling process simulator. Once this controller successfully reproduced the results from 

the previous work, the old (hydraulic drill) actuator dynamics were replaced in the simulator with 

the P&H 120A’s electric actuator dynamics. The simulation was seen to work successfully with 

these new dynamics. However, large overshoots were observed when switching between the two 

different control strategies, in the case of the electric actuator dynamics. The controller was 

therefore re-tuned and slight logic changes were implemented. This greatly reduced or eliminated 

the large overshoots observed. 

The refined controller can now be considered ready for on-machine testing. However, for such 

real world testing, care must be taken to ensure that realistic, machine-specific and geology-

specific, values of controller set-points are used. 
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Chapter 8 

Contributions & Recommendations for Future Work 

 

8.1 Contributions 

The following are the primary contributions of this thesis research: 

1. A large rotary electric blasthole drill (P&H 120A) was successfully equipped with a data 

logger, and a comprehensive set of drilling data was gathered (in collaboration with Mr. 

Ted Branscombe) at an open pit taconite mine in northern Minnesota. This 

comprehensive data set has the potential for use in a wide range of drilling research. It has 

already been used as the basis for two M.Sc. theses [Beattie 2009], [Branscombe 2010], 

in addition to this thesis. 

2. The actuator dynamics, for both the feed and rotary actuators, were identified for this 

drill. As summarized in Section 5.4, different transfer functions apply depending upon 

whether the actuator is given a positive or negative input. 

3. A drilling process software simulator, developed in the previous work by Aboujaoude 

[Aboujaoude 1991], was successfully replicated in Simulink. It was then successfully 

validated using the same testing procedures reported in [Aboujaoude 1991]. This 

simulator is thoroughly documented in the appendices to this thesis, overcoming a major 

shortcoming in Aboujaoude’s work which provided incomplete information on the 

simulator implementation. 

4. The control strategy from the previous work was successfully integrated with the new 

process simulator, and its performance validated by comparison with the results presented 

in the previous work. 
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5. The drilling process simulator was then modified by replacing the actuator dynamics with 

the models identified in (2) above. The modified simulator was validated, and the 

behaviour of the system with the new actuator models while under feedback control was 

observed. 

6. The controller gains were re-tuned to achieve acceptable drilling performance with the 

new actuator models. This resulted in a prototype controller ready for field testing on the 

P&H 120A drill. 

Thus, this thesis has resulted in a fully documented drilling process simulator, suitable for future 

research, as well as a tuned prototype controller for potential testing on the P&H120A drill. 

8.2 Recommendations for Future Work 

The following are recommendations for future work, based on the results from this thesis: 

1. Controller testing on a drill: 

a) Implement the validated controller on a P&H 120A or other, comparable, rotary 

blasthole drill and perform field tests to validate and refine the controller in the 

working environment. 

b) Integrate observations and models from new drill testing into the simulator. 

2. With respect to further refinement of feedback control algorithms on the simulator: 

a) Investigate potential mechanisms for smoothing the transitions between the R/N and 

torque regulation control strategies. 

b) Investigate adaptive (self-tuning) feedback control techniques to better cope with 

transitions between rock types. 

c) Investigate alternative control strategies, beyond the R/N and torque regulation 

strategies studied in this thesis. 

3. Utilise the gathered data set to model drilling ‘exceptions’ for inclusion in the simulator. 
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a. Investigate recorded bit air pressure to examine if there is any relation between 

bit air pressure and drilling ‘exceptions’. 
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Appendix A: Step Response Tests ‘while drilling’ 

 

Rotary Speed (N) Step Response Test ‘while drilling’: 

  
steady state0 

(rpm) 
steady state1 

(rpm) 

step 1 75 77 

step 2 77 80 

step 3 80 82 

step 4 82 85 

step 5 85 87 

step 6 87 90 

step 7 90 92 

step 8 92 95 

step 9 95 97 

step 10 97 100 

step 11 100 102 

step 12 102 105 

step 13 105 107 

step 14 107 110 

step 15 110 112 

step 16 112 115 

step 17 115 117 

step 18 117 115 

step 19 115 112 

step 20 112 110 

step 21 110 105 

step 22 105 100 

step 23 100 95 

step 24 95 90 

step 25 90 85 

step 26 85 80 

step 27 80 77 

step 28 77 75 

step 29 75 72 

step 30 72 70 

step 31 70 67 

step 32 67 65 

step 33 65 62 

step 34 62 60 
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step 35 60 57 

step 36 57 55 

step 37 55 52 

step 38 52 50 

step 39 50 47 

step 40 47 45 

step 41 45 42 

step 42 42 40 

step 43 40 35 

step 44 35 30 

step 45 30 35 

step 46 35 40 

step 47 40 45 

step 48 45 50 

step 49 50 55 

step 50 55 60 

step 51 60 65 

step 52 65 67 

step 53 67 70 

step 54 70 72 

step 55 72 75 

step 56 75 80 

step 57 80 85 

step 58 85 90 

step 59 90 95 

step 60 95 100 

step 61 100 75 
 

Thrust (lbs) Step Response Test ‘while drilling’: 

  

steady 
state0 

(lbs) 

steady 
state1 

(lbs) 

step 1 105,000 110,000 

step 2 110,000 115,000 

step 3 115,000 120,000 

step 4 120,000 115,000 

step 5 115,000 110,000 

step 6 110,000 105,000 

step 7 105,000 100,000 

step 8 100,000 95,000 
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step 9 95,000 90,000 

step 10 90,000 85,000 

step 11 85,000 80,000 

step 12 80,000 75,000 

step 13 75,000 70,000 

step 14 70,000 65,000 

step 15 65,000 60,000 

step 16 60,000 55,000 

step 17 55,000 50,000 

step 18 50,000 45,000 

step 19 45,000 40,000 

step 20 40,000 45,000 

step 21 45,000 50,000 

step 22 50,000 55,000 

step 23 55,000 60,000 

step 24 60,000 65,000 

step 25 65,000 70,000 

step 26 70,000 75,000 

step 27 75,000 80,000 

step 28 80,000 90,000 

step 29 90,000 80,000 

step 30 80,000 85,000 

step 31 85,000 90,000 

step 32 90,000 95,000 

step 33 95,000 100,000 

step 34 100,000 105,000 

step 35 105,000 110,000 

step 36 110,000 115,000 

step 37 115,000 120,000 

step 38 120,000 115,000 
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Appendix B: Replicated Plant (Section 7.1) 

 

Plant 
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Feed Actuator Dynamics 
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Rotary Actuator Dynamics 
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Bit Loading 
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Configuration Parameters 

 

M-Files 

 

dividing_RN.m 

function dividing_RN(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 
 block.InputPort(2).DirectFeedthrough = true; 
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 block.SampleTimes = [0 0]; 

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 R = block.InputPort(1).Data; 
 N = block.InputPort(2).Data; 

  
 OUT = R/N; 

  
 block.OutputPort(1).Data = OUT; 

  
%endfunction 

 

initial_input_Sec7_1.m 

W = [0 0; 18 275; 63 550; 100 825; 145 1100; 170 0]; 
N = [0 60]; 
S = [0 0]; 
Prmax = [0 3200]; 
Pr = [0 2800]; 
RN = [0 0.5]; 
load 'stratdata.txt'; 

 

pdist_arbitrary.m 

function pdist_arbitrary(block) 
%Level-2 M file S-Function for penetration rate 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 1; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 
 %block.InputPort(2).DirectFeedthrough = true; 
 %block.InputPort(3).DirectFeedthrough = true; 

  
 block.SampleTimes = [0 0]; 
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 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 W = block.InputPort(1).Data; 
 A6 = 11.756; 
 A7 = 0.707; 

  
 Pda = A6*W^A7; 

  
 block.OutputPort(1).Data = Pda; 

  
%endfunction 

 

penetration.m 

function penetration(block) 
%Level-2 M file S-Function for penetration rate 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 
 block.InputPort(2).DirectFeedthrough = true; 
 %block.InputPort(3).DirectFeedthrough = true; 
 %block.InputPort(4).DirectFeedthrough = true; 
 %block.InputPort(5).DirectFeedthrough = true; 

  
 block.SampleTimes = [0 0]; 

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 W = block.InputPort(1).Data; 
 N = block.InputPort(2).Data; 
 A1 = 0.029; 
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 A2 = 0.614; 
 A3 = 1.028; 

   
 R = (A1*W^A2)*(N^A3); 

  
 block.OutputPort(1).Data = R; 

  
%endfunction 

 

prot.m 

function prot(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 
 block.InputPort(2).DirectFeedthrough = true; 

  
 block.SampleTimes = [0 0]; 

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 Pd = block.InputPort(1).Data; 
 N = block.InputPort(2).Data; 

  
 Pr = Pd + 325 + 1.8443*N; 

  
 block.OutputPort(1).Data = Pr; 

  
%endfunction 
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Appendix C: Replicated Simulator (Section 7.2) 
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Configuration Parameters 

 

Text & M-Files 

 

switching_logic.m 

function switching_logic(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 7; 
 block.NumOutputPorts = 3; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 
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block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 
 block.OutputPort(2).SamplingMode = fd; 
 block.OutputPort(3).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 PRmax = block.InputPort(1).Data; 
 PRset = block.InputPort(2).Data; 
 RNmax = block.InputPort(3).Data; 
 RNset = block.InputPort(4).Data; 
 PR  = block.InputPort(5).Data; 
 RN  = block.InputPort(6).Data; 
 L   = block.InputPort(7).Data; 
 %A6  = block.InputPort(8).Data; 
 %A7  = block.InputPort(9).Data; 
 %A8  = block.InputPort(10).Data; 
 %A9  = block.InputPort(11).Data; 
 %A10  = block.InputPort(12).Data; 
 %N   = block.InputPort(13).Data; 

  
 if L < 1 
   if ((RN < RNset) && (PR > PRmax)) 
     L = 1; 
     RNout = RNset; 
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     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 else 
   if RN > RNmax 
     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
     L = 1; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 end; 

  
%endfunction 

 

stratigraphy.m 

function stratigraphy(block) 
%Level-2 M file S-Function for penetration rate 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 1; 
 block.NumOutputPorts = 5; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 

  
 %block.SetInputPortSamplingMode(stratigraphy2, 0, 0); 

   
 block.SampleTimes = [0.1 0]; 
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 %block.InputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(2).SampleTime = [-1 0]; 
 %block.OutputPort(3).SampleTime = [-1 0]; 
 %block.OutputPort(4).SampleTime = [-1 0]; 
 %block.OutputPort(5).SampleTime = [-1 0]; 
 %block.OutputPort(6).SampleTime = [-1 0]; 
 %block.OutputPort(7).SampleTime = [-1 0]; 

  

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('SetInputPortSamplingMode',@SetInpSamplingMode); 
 block.RegBlockMethod('Outputs',      @Output); 

  
 %endfunction  
function SetInpSamplingMode(block, idx, sm) 

  
block.InputPort(idx).SamplingMode = sm; 

  
block.OutputPort(1).SamplingMode = sm; 
block.OutputPort(2).SamplingMode = sm; 
block.OutputPort(3).SamplingMode = sm; 
block.OutputPort(4).SamplingMode = sm; 
block.OutputPort(5).SamplingMode = sm; 
%block.OutputPort(6).SamplingMode = sm; 
%block.OutputPort(7).SamplingMode = sm; 
%block.OutputPort(8).SamplingMode = sm; 

  

  

  
function Output(block) 

  
 S = importdata('stratdata2.txt'); 
 % S is an array of values for depth and Alpha values for the equations 
 D = block.InputPort(1).Data; 
 % D is the depth variable that is constantly integrated and increasing 
 n = 1; 
 Check = size(S); 
 % Check is a variable to break out of the while loop once the final 

rock 
 % type has been reached. The size(S) command returns the size of matrix 
 % S, which is m*4. Check(1,1) returns that m value, therefore once n 

has 
 % reached the last row of matrix S, the loop terminates. 

  

  

  
 while n < Check(1,1); 

    

    
   while (S(n,1) <= D) && (D < S(n+1,1)); 
   A1 = S(n,2); 
   A2 = S(n,3); 
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   A3 = S(n,4); 
   %A4 = S(n,5); 
   %A5 = S(n,6); 
   A6 = S(n,7); 
   A7 = S(n,8); 
   A8 = S(n,9); 
   A9 = S(n,10); 
   A10 = S(n,11); 
   break 
   end 
  n = n+1; 
 end 

  

    

   
 block.OutputPort(1).Data = A1;  
 block.OutputPort(2).Data = A2; 
 block.OutputPort(3).Data = A3; 
 block.OutputPort(4).Data = A6; 
 block.OutputPort(5).Data = A7; 
 %block.OutputPort(6).Data = A8; 
 %block.OutputPort(7).Data = A9; 
 %block.OutputPort(8).Data = A10; 
%endfunction 

 

initial_input_Sec7_2.m 

N = [0 130]; 
D = [0 0.1]; 
%D = [0 0]; 
PRmax = [0 3200]; 
PRset = [0 2800]; 
RNmax = [0 0.6]; 
RNset = [0 0.5]; 
L = [0 0]; 

 

 

stratdata2.txt 

0  0.001178  0.9 1.085  1.443  0.6364 5.046  0.791  0.000235  0.9 0.085 
1  0.49012 0.4889 0.6191 2.8638 1.6986 14.525 0.664  0.098  0.4889 -

0.3809 
2  0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 
3  0.335  0.5053 0.6796 3.3326 2.5254 16.418 0.645  0.067  0.5053 -

0.3204 
4  0.0004696  1.08  0.982  0.9837 0.4108 6.098  0.779  0.00009392 1.08  

-0.018 
999 0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 

 

  



235 
 

Appendix D: Simulator with P&H 120A Dynamics (Section 7.3) 
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Configuration Parameters 

 

Text & M-Files 

 

initial_input_Sec7_3.m 

N = [0 130]; 
D = [0 0.1]; 
%D = [0 0]; 
PRmax = [0 3200]; 
PRset = [0 2800]; 
RNmax = [0 0.6]; 
RNset = [0 0.5]; 
L = [0 0]; 

 

 

stratdata2.txt 

0  0.001178  0.9 1.085  1.443  0.6364 5.046  0.791  0.000235  0.9 0.085 
1  0.49012 0.4889 0.6191 2.8638 1.6986 14.525 0.664  0.098  0.4889 -

0.3809 
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2  0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 
3  0.335  0.5053 0.6796 3.3326 2.5254 16.418 0.645  0.067  0.5053 -

0.3204 
4  0.0004696  1.08  0.982  0.9837 0.4108 6.098  0.779  0.00009392 1.08  

-0.018 
999 0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 

 

 

stratigraphy.m 

function stratigraphy(block) 
%Level-2 M file S-Function for penetration rate 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 1; 
 block.NumOutputPorts = 5; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 

  
 %block.SetInputPortSamplingMode(stratigraphy2, 0, 0); 

   
 block.SampleTimes = [0.1 0]; 
 %block.InputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(2).SampleTime = [-1 0]; 
 %block.OutputPort(3).SampleTime = [-1 0]; 
 %block.OutputPort(4).SampleTime = [-1 0]; 
 %block.OutputPort(5).SampleTime = [-1 0]; 
 %block.OutputPort(6).SampleTime = [-1 0]; 
 %block.OutputPort(7).SampleTime = [-1 0]; 

  

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('SetInputPortSamplingMode',@SetInpSamplingMode); 
 block.RegBlockMethod('Outputs',      @Output); 

  
 %endfunction  
function SetInpSamplingMode(block, idx, sm) 

  
block.InputPort(idx).SamplingMode = sm; 

  
block.OutputPort(1).SamplingMode = sm; 
block.OutputPort(2).SamplingMode = sm; 
block.OutputPort(3).SamplingMode = sm; 
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block.OutputPort(4).SamplingMode = sm; 
block.OutputPort(5).SamplingMode = sm; 
%block.OutputPort(6).SamplingMode = sm; 
%block.OutputPort(7).SamplingMode = sm; 
%block.OutputPort(8).SamplingMode = sm; 

  

  

  
function Output(block) 

  
 S = importdata('stratdata2.txt'); 
 % S is an array of values for depth and Alpha values for the equations 
 D = block.InputPort(1).Data; 
 % D is the depth variable that is constantly integrated and increasing 
 n = 1; 
 Check = size(S); 
 % Check is a variable to break out of the while loop once the final 

rock 
 % type has been reached. The size(S) command returns the size of matrix 
 % S, which is m*4. Check(1,1) returns that m value, therefore once n 

has 
 % reached the last row of matrix S, the loop terminates. 

  

  

  
 while n < Check(1,1); 

    

    
   while (S(n,1) <= D) && (D < S(n+1,1)); 
   A1 = S(n,2); 
   A2 = S(n,3); 
   A3 = S(n,4); 
   %A4 = S(n,5); 
   %A5 = S(n,6); 
   A6 = S(n,7); 
   A7 = S(n,8); 
   A8 = S(n,9); 
   A9 = S(n,10); 
   A10 = S(n,11); 
   break 
   end 
  n = n+1; 
 end 

  

    

   
 block.OutputPort(1).Data = A1;  
 block.OutputPort(2).Data = A2; 
 block.OutputPort(3).Data = A3; 
 block.OutputPort(4).Data = A6; 
 block.OutputPort(5).Data = A7; 
 %block.OutputPort(6).Data = A8; 
 %block.OutputPort(7).Data = A9; 
 %block.OutputPort(8).Data = A10; 
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%endfunction 

 

switching_dynamics.m 

function switching_dynamics(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 
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 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 
 if abs(Alpha) < 250; 
   block.OutputPort(1).Data = 0; 
 else 
   block.OutputPort(1).Data = Alpha; 
 end 

  
%endfunction 

 

switching_dynamics2.m 

function switching_dynamics2(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
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% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 

  
 if abs(Alpha) < 250; 
   block.OutputPort(1).Data = 0; 
 else 
   block.OutputPort(1).Data = Alpha; 
 end 

  
%endfunction 

 

switching_dynamics3.m 

function switching_dynamics3(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 
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 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 
 block.OutputPort(1).Data = Alpha; 

  
%endfunction 

 

switching_logic_Sec7_3.m 

function switching_logic_Sec7_3(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 7; 
 block.NumOutputPorts = 3; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 
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function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 
 block.OutputPort(2).SamplingMode = fd; 
 block.OutputPort(3).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 PRmax = block.InputPort(1).Data; 
 PRset = block.InputPort(2).Data; 
 RNmax = block.InputPort(3).Data; 
 RNset = block.InputPort(4).Data; 
 PR  = block.InputPort(5).Data; 
 RN  = block.InputPort(6).Data; 
 L   = block.InputPort(7).Data; 
 %A6  = block.InputPort(8).Data; 
 %A7  = block.InputPort(9).Data; 
 %A8  = block.InputPort(10).Data; 
 %A9  = block.InputPort(11).Data; 
 %A10  = block.InputPort(12).Data; 
 %N   = block.InputPort(13).Data; 

  
 if L < 1 
   if ((RN < RNset) && (PR > PRmax)) 
     L = 1; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
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     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 else 
   if RN > RNmax 
     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
     L = 1; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 end; 

  
%endfunction 
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Appendix E: Refined Simulator with P&H 120A Dynamics (Section 7.4) 
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Configuration Parameters 

 

Text & M-Files 

 

initial_input_Sec7_4.m 

N = [0 130]; 
D = [0 0.1]; 
%D = [0 0]; 
PRmax = [0 3200]; 
PRset = [0 2800]; 
RNmax = [0 0.6]; 
RNset = [0 0.5]; 
L = [0 0]; 

 

 

stratdata2.txt 

0  0.001178  0.9 1.085  1.443  0.6364 5.046  0.791  0.000235  0.9 0.085 
1  0.49012 0.4889 0.6191 2.8638 1.6986 14.525 0.664  0.098  0.4889 -

0.3809 
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2  0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 
3  0.335  0.5053 0.6796 3.3326 2.5254 16.418 0.645  0.067  0.5053 -

0.3204 
4  0.0004696  1.08  0.982  0.9837 0.4108 6.098  0.779  0.00009392 1.08  

-0.018 
999 0.029  0.614  1.028  2.3376 1.1594 11.756 0.707  0.0058 0.614  0.028 

 

 

stratigraphy.m 

function stratigraphy(block) 
%Level-2 M file S-Function for penetration rate 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 1; 
 block.NumOutputPorts = 5; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 block.InputPort(1).DirectFeedthrough = true; 

  
 %block.SetInputPortSamplingMode(stratigraphy2, 0, 0); 

   
 block.SampleTimes = [0.1 0]; 
 %block.InputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(1).SampleTime = [-1 0]; 
 %block.OutputPort(2).SampleTime = [-1 0]; 
 %block.OutputPort(3).SampleTime = [-1 0]; 
 %block.OutputPort(4).SampleTime = [-1 0]; 
 %block.OutputPort(5).SampleTime = [-1 0]; 
 %block.OutputPort(6).SampleTime = [-1 0]; 
 %block.OutputPort(7).SampleTime = [-1 0]; 

  

  
 block.SetAccelRunOnTLC(false); 

  
 block.RegBlockMethod('SetInputPortSamplingMode',@SetInpSamplingMode); 
 block.RegBlockMethod('Outputs',      @Output); 

  
 %endfunction  
function SetInpSamplingMode(block, idx, sm) 

  
block.InputPort(idx).SamplingMode = sm; 

  
block.OutputPort(1).SamplingMode = sm; 
block.OutputPort(2).SamplingMode = sm; 
block.OutputPort(3).SamplingMode = sm; 
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block.OutputPort(4).SamplingMode = sm; 
block.OutputPort(5).SamplingMode = sm; 
%block.OutputPort(6).SamplingMode = sm; 
%block.OutputPort(7).SamplingMode = sm; 
%block.OutputPort(8).SamplingMode = sm; 

  

  

  
function Output(block) 

  
 S = importdata('stratdata2.txt'); 
 % S is an array of values for depth and Alpha values for the equations 
 D = block.InputPort(1).Data; 
 % D is the depth variable that is constantly integrated and increasing 
 n = 1; 
 Check = size(S); 
 % Check is a variable to break out of the while loop once the final 

rock 
 % type has been reached. The size(S) command returns the size of matrix 
 % S, which is m*4. Check(1,1) returns that m value, therefore once n 

has 
 % reached the last row of matrix S, the loop terminates. 

  

  

  
 while n < Check(1,1); 

    

    
   while (S(n,1) <= D) && (D < S(n+1,1)); 
   A1 = S(n,2); 
   A2 = S(n,3); 
   A3 = S(n,4); 
   %A4 = S(n,5); 
   %A5 = S(n,6); 
   A6 = S(n,7); 
   A7 = S(n,8); 
   A8 = S(n,9); 
   A9 = S(n,10); 
   A10 = S(n,11); 
   break 
   end 
  n = n+1; 
 end 

  

    

   
 block.OutputPort(1).Data = A1;  
 block.OutputPort(2).Data = A2; 
 block.OutputPort(3).Data = A3; 
 block.OutputPort(4).Data = A6; 
 block.OutputPort(5).Data = A7; 
 %block.OutputPort(6).Data = A8; 
 %block.OutputPort(7).Data = A9; 
 %block.OutputPort(8).Data = A10; 
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%endfunction 

 

switching_dynamics.m 

function switching_dynamics(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 
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 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 
 if abs(Alpha) < 250; 
   block.OutputPort(1).Data = 0; 
 else 
   block.OutputPort(1).Data = Alpha; 
 end 

  
%endfunction 

 

switching_dynamics2.m 

function switching_dynamics2(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
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% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 

  
 if abs(Alpha) < 250; 
   block.OutputPort(1).Data = 0; 
 else 
   block.OutputPort(1).Data = Alpha; 
 end 

  
%endfunction 

 

switching_dynamics3.m 

function switching_dynamics3(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 2; 
 block.NumOutputPorts = 1; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 

  
function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 
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 block.OutputPort(1).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 Wi = block.InputPort(1).Data; 
 Wo = block.InputPort(2).Data; 

  
 Alpha = Wi - Wo; 
 block.OutputPort(1).Data = Alpha; 

  
%endfunction 

 

switching_logic_Sec7_4.m 

function switching_logic_Sec7_4(block) 
%Level-2 M file S-Function for rotation pressure 

  
 setup(block); 

  
%endfunction 

  
function setup(block) 

  
 block.NumInputPorts = 7; 
 block.NumOutputPorts = 3; 

  
 block.SetPreCompInpPortInfoToDynamic; 
 block.SetPreCompOutPortInfoToDynamic; 

  
 

block.RegBlockMethod('SetInputPortSamplingMode',@SetInputPortSamplingMod

e); 
 block.RegBlockMethod('SetInputPortDimensions', @SetInpPortDims); 
 block.RegBlockMethod('Outputs', @Output); 
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function SetInputPortSamplingMode(block, idx, fd) 

  
 block.InputPort(idx).SamplingMode = fd; 
 block.InputPort(idx).SamplingMode = fd; 

  
 block.OutputPort(1).SamplingMode = fd; 
 block.OutputPort(2).SamplingMode = fd; 
 block.OutputPort(3).SamplingMode = fd; 

  
function SetInpPortDims(block, idx, di) 

  
 block.InputPort(idx).Dimensions = di; 

  
% block.InputPort(1).DirectFeedthrough = true; 
% block.InputPort(2).DirectFeedthrough = true; 
% block.InputPort(3).DirectFeedthrough = true; 
% block.InputPort(4).DirectFeedthrough = true; 
% block.InputPort(5).DirectFeedthrough = true; 
% block.InputPort(6).DirectFeedthrough = true; 
% block.InputPort(7).DirectFeedthrough = true; 

  
% block.SampleTimes = [0 0]; 

  
% block.SetAccelRunOnTLC(false); 

  
% block.RegBlockMethod('Outputs',      @Output); 

  
%endfunction  
function Output(block) 

  
 PRmax = block.InputPort(1).Data; 
 PRset = block.InputPort(2).Data; 
 RNmax = block.InputPort(3).Data; 
 RNset = block.InputPort(4).Data; 
 PR  = block.InputPort(5).Data; 
 RN  = block.InputPort(6).Data; 
 L   = block.InputPort(7).Data; 
 %A6  = block.InputPort(8).Data; 
 %A7  = block.InputPort(9).Data; 
 %A8  = block.InputPort(10).Data; 
 %A9  = block.InputPort(11).Data; 
 %A10  = block.InputPort(12).Data; 
 %N   = block.InputPort(13).Data; 

  
 if L < 1 
   if ((RN < RNset) && (PR > PRmax)) 
     L = 1; 
     RNout = 0; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
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     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 else 
   if RN > RNmax 
     L = 0; 
     RNout = RNset; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   else 
     L = 1; 
     RNout = 0; 
     PRout = PRset; 
     block.OutputPort(1).Data = PRout; 
     block.OutputPort(2).Data = RNout; 
     block.OutputPort(3).Data = L; 
   end 
 end; 

  
%endfunction 
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