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Abstract
In oil and gas drilling applications, the need to continually survey the trajectory between stationary
survey stations is crucial, especially during a directional drilling process. A potential solution for
the uninterrupted survey of boreholes does exist. It involves a low-cost SINS-based measurementwhile-drilling (MWD) system integrating external rig drilling parameters with MEMS’ inertial
sensor measurements based on non-linear Unscented Kalman filter (UKF).
The main objective of this thesis is to design and test algorithms for this type of system to overcome
typical challenges associated with drilling and survey interruptions, such as long-term drift error,
and large, harsh-drilling-environment-induced MEMS errors. A simulation platform was
developed to monitor how this proposed system operated in soft and hard formations, with Type
2 trajectories, at different speeds to represent the soft and hard formations, respectively. The
ensuing results demonstrate the feasibility of the proposed algorithms.
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CHAPTER 1: INTRODUCTION
This chapter introduces the background of directional drilling, covering the concept, advantages
and operational process of directional drilling. Then, state of the art technology about measurement
while drilling (MWD) was reviewed within the structure of either a magnetometer-based solution
or a gyroscope-based solution. In order to solve the current problems, a new proposal was
presented and thesis objectives are given accordingly. The last section ends this chapter with thesis
outline.
1.1 Background
1.1.1 Directional Drilling
In the beginning, intentionally-drilled directional wells provided remedial solutions to drill reliefs
for blowouts in the 1930s. Since then, directional drilling technology has become widely used in
the oil and gas industry, allowing well operators to approach a potentially productive area without
the need to locate directly above it. Directional drilling directs a wellbore along a predefined
trajectory to the desired target (Bourgoyne et al. 2005). Compared to conventional vertical drilling,
directional drilling maintains several advantages, especially under the following circumstances:
drilling multiple wells from a single location, inaccessible surface locations, multiple target zones,
sidetracking, fault drilling, salt-dome exploration, relief-well drilling, river-crossing situations, to
name only a few (Conti 1989; Bob 2011). For example, when a blowout caused by a leak in the
production casing occurred inside a well in the Gulf of Mexico in late 2007 (Maehs et al. 2008), it
breeched the surface causing the well structure to collapse. Consequently, a relief well had to be
drilled to control blowout downhole. Baker Hughes succeeded in this using directional drilling
technology. Additionally, directional drilling can dramatically reduce the cost and time of drilling
operations. As a result, in recent years, the on-going development of directional well drilling
1

technology has garnered increased attention because of these inherent advantages in a variety of
drilling configurations.
1.1.2 The Process of Directional Drilling, RSS and MWD Technology
The drilling of any wellbore begins at the surface and descends vertically to a kick-off point at a
specified depth below the point of entry using conventional rotary drilling (Conti. 1989). At the
kick-off point, directional drilling begins by deviating the wellbore from the vertical direction
according to the desired trajectory. There are two primary methods to achieve this: with a positive
displacement motor (PDM) or through rotary steerable system (RSS). Since the 1960s, PDM has
traditionally been deployed for directional drilling where it is accomplished in sliding and rotary
modes. A sliding mode refers to a non-rotating drill string with a rotating drill bit. This capitalizes
on the bent housing in the PDM in order to divert the wellbore in the desired direction. As soon as
the wellbore direction and build angle are established, drilling enters into rotary mode, where
instead the entire drill string rotates to hold its direction. Sliding mode is considerably slower than
rotary mode and is associated with a variety of problems. The alternate, and more modern, method
is to use a RSS in directional drilling process allowing drilling at faster rates by constantly rotating
the entire drill string (Yonezawa et al. 2002; Poli et al. 1998). This differs from conventional
technology using a PDM with a bent housing to provide a lateral force to the bit in order to deflect
the wellbore in the desired direction.
Because it completely eliminates issues around sliding, emerging RSS technology is appealing and
possesses several additional advantages. A RSS increases the efficiency of directional drilling
operations by reducing drilling time because of the continuous rotation of the drill string.
Additionally, a RSS provides better borehole cleaning and fewer wiper trips, optimizes drilling
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parameters, provides a higher rate of penetration, and so decreases the cost per meter of drilling
operations (ElGizawy 2009).
To perform directional drilling, information about the location and orientation of the bottom hole
assembly (BHA) is crucial during the drilling process, whether using PDM or RSS. Unlike
conventional vertical wells, directional wells also require constant monitoring by drilling engineers
to ensure the drill bit’s directional penetration process during the downhole formation. Beyond
this, the successful completion of the drilling process also relies on the drill bit’s real-time position
and attitude information, provided by the measurement while drilling (MWD) tools. The MWD
tool contains a direction and inclination sensor package as well as a transmitter module to send
data to the surface during drilling operations. Interpretation of this data provides the necessary
information to steer the well in the desired direction towards the target reservoir. MWD surveying
allows for quick evaluation of the effectiveness of the drilling process under current drilling
conditions.
1.2 Literature Review and Problem Statement
According to the sensors selected for MWD in industrial application, two solutions can be
categorized as either a magnetometer-based solution or a gyroscope-based solution.
Methodologies and problems of related solutions will be discussed as follows:
1.2.1 Magnetometer-based solution
1.2.1.1 Methodology and configuration
Magnetically-based MWD surveying systems commonly use three-axis accelerometers and threeaxis magnetometers (Figure 1-1). At predetermined surveying stations, the drilling assembly is
brought to rest. During this motionless interval, the body frame of the MWD surveying system,
formed by the axes of the accelerometers and magnetometers, exists as an angular transformation
3

of the reference (North-East-Vertical) frame. Since the position of BHA is known, the direction
and the magnitude of earth’s acceleration are also known. By comparing the acceleration vector
formed from the measurements of the three accelerometers ( f x , f y and f z ) with the known vector
of earth’s gravitational acceleration in the reference frame, the pitch and roll can then be calculated.
Measurements from the magnetometers are then combined with the calculated pitch and roll to
determine the azimuth angle. The BHA trajectory can then be computed by assuming a certain
trajectory between the two successive surveying stations.
Z

fz
Bz
fx

Bx
By

fy

X

Y

Figure 1-1 Typical magnetometer based MWD system.
Based on the installation of the three-axis magnetometers ( Bx , By and Bz ) and the three-axis
accelerometers ( f x , f y and f z ), the inclination (θ) , the tool face (φ) and the azimuth (ψ) can be
determined using the following equations (ElGizawy 2009):

 f2 f2
  arctan  z 2 x

fy



,



(1.1)

 f 
  arctan   x  ,
 fz 

(1.2)



  Bz sin   Bx cos  
 M  arctan 

 By sin   cos   Bz cos   Bx sin    ,



(1.3)
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Furthermore, the geomantic azimuth ψ can be obtained by  M and known earth magnetic model
described by many literatures (Hadavand 2015; Elgizawy 2009).
1.2.1.2 Disadvantages


Magnetic interference to disable magnetometers

The most significant challenge encountered by current magnetic MWD tools is magnetic
interference. Non-magnetic drill collars can alleviate this interference but it can never be avoided
entirely. Generally speaking, two types of magnetic interference disturb magnetometer readings:
1) the drill string’s own magnetic interference; and 2) external or ambient interference from the
surrounding environment.
A drill string can be likened to a long, slender magnet with each end acting as opposing magnetic
poles. As a result, their steel components become magnetized by the earth’s magnetic field lines.
In cases of offshore, multi-well platforms, it is impossible to use any magnetically-based survey
system in the top hole portion of the well because of the proximity of other wells and related
magnetic interference (Alidi et al. 2010).
External magnetic interference can be far more complex to manage and is introduced through a
variety of means, from the presence of ferromagnetic material near the tool, iron like formations,
drilling fluid, or even solar storms affecting the earth magnetic field can all dramatically affect a
MWD. When a non-magnetic drill collar exceeds its magnetic tolerance, magnetic hot spots
develop and the nonmagnetic drill collar must be replaced. As such, non-magnetic drill collars are
required in order to mitigate this effect, and typically, a MWD mounted in non-magnetic collars
are kept approximately 15 meters away from the drill bit.


Inaccurate trajectory between survey stations and non-real-time measurement
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This type of MWD works and measures related parameters only when the whole system is at rest
in survey stations. The typical 15 meters distance between survey stations requires that the
trajectory between stations must be calculated rather than mapped directly from MWD. This
inaccuracy is further compounded by the necessary placement of MWD at least 15 meters behind
the drill bit, and so any directional driller is required to drill an initial 15 meters in order to be
capable to locate the drill bit’s exact position, toolface, inclination, and azimuth. Correcting any
deviation accidentally established in these first 15 meters is costly, especially in hard formation
where drilling is relatively slow. This phenomenon is called blind drilling.
1.2.2 Gyroscope-based solution
Gyroscope technology is widely used in directional drilling applications. Its primary advantage
lies in its immunity to interference from the earth’s magnetic field or surrounding magnetic forces.
Thus, in a magnetic environment, a gyroscope-based MWD system is generally used. At this point,
for industrial applications, there are two main gyroscope-based MWD systems currently in use:
the wireline gyroscope system and the gyroscope-MWD system.
1.2.2.1 Wireline Gyroscope Technology
Conventional gyro-based technology, wireline gyroscope, is also referred to as wireline singleshot gyroscope (WLSSG) (Alidi et al. 2010; Kasumov et al. 2010; Garza et al. 2010). By measuring
the earth’s rate of rotation for a known latitude, combined with gravity detection from
accelerometers, WLSSG calculates True North relative to the instrument axis (i.e. wellbore
direction, azimuth) along with other relevant survey parameters such as inclination and toolface.
True vertical depth (TVD) is calculated using measured length (MD) information from the wireline
or pipe tally. This step is necessary after drilling a well section in order to accurately survey the
well. The entire drill string is removed from the bore hole, and the wireline gyroscope tool is fed
6

into the bore hole using a wireline. Under normal conditions, the WLSSG is run every 15 to 30
meters (Alidi et al. 2010), and is often used in situations with complex kick-off caused by serious
magnetic interference causing the magnetometer to fail to provide an accurate azimuth. On
occasion, 10 or more runs are required during a complex kick-off, and with an average run time
anywhere between 30 and 60 minutes, and additionally an average circulating time of 30 minutes
to clean the hole prior to insertion of a WLSSG, results in an exceedingly time-consuming exercise
incompatible with the MWD process.
1.2.2.2 Gyroscope-MWD Technology
Gyroscope MWD technology was first introduced and deployed in early 2001 with a view to
replacing the wireline gyroscope single-shot survey system in certain applications (Alidi et al.
2010; Kasumov 2010). It was developed in order to position the gyro sensor as close to the bit as
possible in order that the directional driller would be capable of receiving real-time, gyro
orientation survey data in minutes rather than between 30 to 60 minutes, thereby saving, especially
in the WLSSG case, considerable rig time. Using the gyroscope MWD, toolface information is
provided in real-time and full survey data can be sent to the surface after three minutes still time.
The advantages of gyro-MWD over WLSSG reside primarily in the following categories: safety,
wellbore geometry, rate of penetration (ROP) and time saving. Currently, gyro-MWD technology
has been successfully used in Saudi Arabia (Alidi et al. 2010), Sakhalin, Russia (Kasumov et al.
2010) and the Piceance Basin, Colorado (Garza et al. 2010).
Outside of gas and oil drilling companies’ aforementioned and mature MWD technologies,
increasing research interests from academic institutions all over the world has enabled the
gyroscope MWD tool to significantly progress.
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A single-axis FOG (fiber optic gyroscope) integrated into the drill string using three orthogonal
accelerometers continuously measuring wellbore azimuth, toolface, and inclination was eventually
developed in 2000 (Noureldin et al. 2000; Noureldin 2002; Noureldin et al. 2004). Unfortunately,
it can only detect the tool direction if the bore hole is vertical or nearly vertical. When inclinations
in the bore hole are more than 20° off vertical, the single-axis FOG cannot resolve the azimuth
change along the sensitive axis.
Aiming to solve the limitations of single-axis gyro MWD systems, dual-axes systems have also
been explored, resulting in a MWD tool with a dual-axes spinning mass gas bearing rate (GBR)
gyroscope with a stepper motor-driven indexing mechanism. Field tests for this design failed
because the indexing motor demonstrated a significant reliability issue caused by complex
mechanical fracture. The tool was not able to provide continuous azimuth, inclination, and toolface
measurements while drilling, thereby imposing another limitation.
Based on the single-axis FOG-based MWD system, a dual-axes FOG MWD system was also
proposed (Noureldin et al. 2000; Noureldin et al. 2001; Noureldin et al. 2002; Noureldin 2002).
This solution presented an improved algorithm to derive the continuous azimuth at highly-inclined
and horizontal sections of the well (Noureldin et al. 2000) by changing the gyroscopes body axes’
orientation at high inclination sections. In a different study, two dual-axes gyroscopes were
integrated with three orthogonal accelerometers. However, in this iteration the gyroscopes were
arranged in the cross-section plane of the borehole, and an inclinometer system with a transverse
gyroscope was developed. These two studies have yet to be field tested.
A MWD instrument based on two FOGs and three accelerometers designed on a rotational
modulation device was developed by Zhang (2012). It proposed an integral surveying method
based on an inertial navigation system, measuring motion parameters characterized by long-term
8

high accuracy. The semi-physical simulation was conducted under laboratory conditions and
results indicate that the suggested methodology is sound. Field test have yet to be done in this
instance, also.
1.2.3.3 INS based MWD system
The drawbacks found in the aforementioned MWD systems have led to the exploration of new
approaches in order to improve directional navigation performance (Gao et al. 2006; ElGizawy et
al. 2010). Navigation based on inertial navigation system (INS) has been widely used in advanced
ground and air navigation, and its subsequent commercialization made it available for a wider
variety of applications. INSs are sophisticated autonomous systems supplying information on the
position, velocity and attitude of the vehicle to which they are mounted. As such, they are
compatible for downhole MWD applications, as well.


FOG-based Wellbore Mapping System

Researchers at Beihang University in China developed a wellbore mapping system based on FOGs
INS in order to eliminate magnetic interference existing in common inclinometers used for well
logging (Gao et al. 2006; Lin et al. 2009). Three miniaturized FOGs and accelerometers were
configured to constitute an inertial measurement unit (IMU). The prototype’s performance met the
pre-set requirements (azimuth angle accuracy better than ±2°, inclination angle accuracy better
than ±0.2°), and so field test results were successful.
Although proven successful in more than 10 field tests, the tests for this prototype did not employ
MWD tools. The system was used for wellbore mapping, measuring pre-drilled wells and
subsequently obtaining their trajectories, much milder conditions compared to real-world MWD
cases. In actual MWD scenarios, the measurement system overcomes harsh shock, tremendous
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vibration, high temperature and sharp temperature gradients, as well as size constraints of the
MWD system from severe space limitations.


MEMS-based MWD System

Micro Electric Mechanical System (MEMS) sensors have been widely deployed in inertial
navigation fields because of their convenient small size, rigidity, and low cost. As such, MEMSbased MWD system technology has garnered much attention and several MEMS-based MWD
systems, dependent on a variety of different structures, have been proposed (Pecht et al. 2007;
Jurkov et al. 2011), and more recently, MEMS sensors are also being used in MWD systems
(ElGizawy et al. 2010). A MWD surveying system based on MEMS inertial sensors (Figure 1-2)
was proposed as a solution for directional drilling operations requiring the integration of the RSS
and the MWD tool into one drill housing using gyroscope technology (ElGizawy 2009). This
method, however, was validated by doing 3-axis rotation table test instead of performing a well
trajectory simulation or real drilling tests. Its capability to withstand harsh drilling conditions, i.e.
shock and vibration, were qualified for MEMS accelerometers and gyroscopes, however,
vibrational effects on performance degradation were not examined during the normal measuring
process of this system. Furthermore, the temperature impact should also have been considered,
because of the sensitivity of MEMS sensors to ambient temperature.
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Figure 1-2 Prototype of developed MEMS INS used for MWD System (ElGizawy 2009).

1.3 Thesis Objectives
Currently, very little research has been conducted on the impacts of vibrational movement and
temperature on MEMS-based INS working performance, specifically within the directional
drilling process. This research aims to develop a comprehensive simulation platform for a
directional drilling operation, integrating the RSS and the MWD tool into one drilling housing
using low-cost MEMS INS. This is achieved by:
1. A directional wellbore trajectory simulation technology was introduced and implemented to
validate the presented MEMS-based MWD surveying system in a more practical manner;
2. A sensor error modeling technology was developed to reflect a harsh drilling environment in
order to further examine and study MEMS SINS and limit corresponding impacts;
3. A low-cost SINS-based MWD system offering continuous surveying capability of boreholes
that do not interrupt the drilling process, was presented by integrating external rig drilling
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parameters with MEMS’ inertial sensor measurements based on non-linear Unscented Kalman
filter (UKF);
4. A simulation platform was developed to monitor how the MEMS inertial sensors-based SINS
worked for drilling applications in different scenarios.
1.4 Thesis Outline
This thesis covers the design and implementation issues of a low-cost SINS-based MWD
surveying solution for directional drilling through a simulation platform. Consisting of six
chapters, the outlines of chapters two through six are provided below:
Chapter 2 provides the necessary background information. Development of MEMS inertial sensors
and application are reviewed and summarized. Methodology of low-cost SINS used for MWD
surveying system in directional drilling application are presented and challenges are also
discussed. Typical nonlinear filtering methods, Extended Kalman filter (EKF) and UKF, are
proposed based on system characteristics and external available measurement information.
Chapter 3 deals with the planning and simulation of directional wellbore trajectories. First,
different calculation methods based on certain assumptions to actual well path are examined.
Following this, the methodology for planning a directional wellbore trajectory based on modular
design was developed by generating several directionally typical well trajectories. A method for
generating error-free IMU raw data from a designed trajectory is proposed as well.
Chapter 4 focuses on the error modeling issue of MEMS inertial sensors in a harsh drilling
environment. Vibration and temperature effects are analyzed and modeled to accurately generate
IMU raw data within the simulation platform.
Chapter 5 evaluates the proposed methods through the implementation of a low-cost MEMS-based
MWD simulation platform based on the UKF technique. The simulation platform includes three
12

different levels: user-interface level; algorithm level, and; output level. Experiments are examined
within different scenarios with respect to a typical directional well trajectory drilled at differing
speeds, and supported by available external measurement configurations.
Chapter 6 concludes this study with a summary, description of thesis contributions and outlines
recommendations for future research improving the proposed system. The entire dissertation
outline is presented below in Figure 1-3.
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Chapter 1
Introduction

Chapter 2
Methodology

Chapter 3

Chapter 4

Directional Well Path Design and
Trajectory Simulation

Sensor Error Modeling in Harsh
Drilling Environment

Chapter 5
Low cost MEMS-based MWD Simulation
Platform based on UKF Technique

Chapter 6
Conclusions and Recommendations
Figure 1-3 Thesis outline.
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CHAPTER 2: METHODOLOGY
This chapter mainly discusses the methodology of the proposal in this thesis. By introducing
MEMS inertial sensors and their wide application in industry, a low-cost MEMS-based MWD
system is proposed for directional drilling applications. In order to measure a continuous wellbore
trajectory in real-time, a methodology was developed. Challenges are discussed and solution has
been presented by using UKF as a means to fuse a MEMS-based SINS solution with available
external measurements to obtain optimal outputs.
2.1 MEMS Inertial Sensors and Application
Micro-Electro-Mechanical Systems, or MEMS, originated in the United States but is often referred
to differently in other parts of the world; MicroSystems Technology (MST) in Europe; and Micromachined Devices in Japan. For consistency, within this thesis, the term MEMS is used
throughout. A MEMS device is easily understood by understanding the way it is constructed:
Micromechanical components are fabricated by manipulating silicon and other substrates, using
micromachining processes (Collin et al. 2013; David 2004). The other distinguishing feature of a
MEMS devices is its small size, ranging from a few micrometers to several millimeters (Dixon et
al. 2006; Maenaka 2008), making MEMS sensors highly sought-after for commercial applications
requiring a small size and low power consumption.
Typically, MEMS consists of four functional elements: miniaturized structures, sensors, actuators,
and microelectronics. Among these functional elements, the micro-sensors and micro-actuators
are categorized as “transducers”, converting energy from one form to another. For micro-sensors,
the device typically converts a measured mechanical signal into an electrical signal. Package size,
system cost and performance are the primary factors considered in MEMS device applications,
and trade-off between system size, cost and performance is often directly. Though sensors are
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generally designed to convert a physical phenomenon into a measurable signal, for a MEMS
inertial sensor, this physical phenomenon is an inertial force, often converted into a linearly-scaled
voltage output with a specific sensitivity. Since emerging decades ago, MEMS inertial sensors,
have been quickly gaining market acceptance for their merits over traditional inertial sensors: small
size, low cost, low power consumption and more reliable in harsh environments (Maenaka 2008).

2.1.1 MEMS Inertial Sensors
Two types of MEMS inertial sensors are discussed herein: MEMS accelerometers and MEMS
gyroscopes.
2.1.1.1 MEMS accelerometer
MEMS accelerometers can be divided into two distinct classes based on the acceleration applied
to the device and how this movement is sensed (David 2004):


As displacement of a proof mass supported by a hinge, or flexure, in the presence of an
applied acceleration, that is, a mechanical sensor using silicon components;



A change in frequency of a vibrating element caused by the change in tension in the element
as a result of the mechanical loading that occurs when the element is subjected to
acceleration.

For the first class, the typical product is a pendulous mass, or z-axis, MEMS accelerometer, in an
open-or closed-loop configuration. The operational principles are analogous to those of pendulous
open and closed-loop mechanical accelerometer. Within this class, there is also a MEMS lateral
mass-displacement accelerometer which is a combination between a z-axis and a lateral
accelerometer, resulting in an optimized system volume as three axes of acceleration measurement

16

can be achieved from three planar chips. The most well-known of the in-plane accelerometers are
the Analog Devices ADXL150 and ADXL250 (Barbour 2010).
For the second class of accelerometers, a typical example is a resonant MEMS accelerometer,
falling within the category of ‘vibrating beam accelerometers’, and it can be z-axis or lateral.
Acceleration is sensed as the resulting change in the resonant frequency of beam oscillators under
the inertial loading of a proof mass, rather than the measurement of its displacement (David 2004).
Commonly-used accelerometers of this type are: Honeywell’s SiMMA; Kearfott’s Silicon
Micromachined Vibrating Beam Accelerometer (MVBA); Systron Donner’s VQA; and ONERA’s
Quartz Vibrating Inertial Accelerometer (VIA). The most accurate MEMS resonant accelerometer
is Draper Laboratory’s Silicon Oscillating Accelerometer, with a demonstrated performance of 1
µg and 1 ppm under independent laboratory testing (Hopkins et al. 2005; Barbour 2010). However,
the manufacturing process for this device is quite intricate and challenging, and is therefore
reflected in the price, especially when compared to typical MEMS accelerometers.
There also exist other MEMS accelerometers under development for specific applications, such as
Tunneling accelerometer - offering a very high sensitivity readout and better resolution in the nanog range, and a smaller size. This device, however, requires low-resonant frequency proof masses,
sub-angstrom resolution readouts, and a very low maximum acceleration measurement capability
of approximately 1 mg (Barbour 2010). The Electrostatically Levitating MEMS accelerometer is
another newly-developed technology overcoming elastic restraints of mechanical supports and so
maintains its advantages of higher sensitivity, less dependence on certain fabrication tolerances,
and increased flexibility. The major obstacle in its development is the complexity of the control
loop (Toda et al. 2002).
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2.1.1.2 MEMS gyroscope
MEMS gyroscopes are not a specific type, but a class, of gyroscopes printed onto circuit boards
using photolithography (David 2004). There are a wide variety, but they all fall within the category
of vibration gyroscopes, and are all based on the Coriolis force. Theoretically, if a mass is vibrated
sinusoidally in a plane, rotating at an angular rate of Ω, the Coriolis force causes the mass to vibrate
sinusoidally perpendicular to the plane with amplitude proportional to Ω. By measuring the
Coriolis-induced motion, Ω can be obtained (Barbour 2010). Though there are many kinds of
MEMS gyros depending on different design structures, they can be broadly categorized into three
types based on the oscillator/resonator structure: (1) Vibrating Beams; (2) Vibrating Plates, and;
(3) Ring Resonators.
For Vibrating Beam (Tuning Fork) Gyros, the earliest and most renowned product is the quartz
rate gyro, produced by Systron Donner for the USAF Maverick missile in 1990. Systron Donner
is also well known for its H-shaped quartz gyros. By 2008, over 40,000 rate gyros per day were
being produced, and are still being used for platform stabilization (Barbour 2010).
For Vibrating Plate gyros, which involve a vibrating mass proof plates instead of beams, are
composed of two silicon proof mass plates suspended over a glass substrate by folded beams and
vibrating in-plane 180° out of phase. The Coriolis-induced out-of-plane motion is detected by
changes in capacitance between the proof mass and the substrates. The Draper/Honeywell TFG
series currently performs at levels in the 3 to 50o/h range (3σ, compensated), over temperature
ranges of -40°C to 85°C over a period of several months, and with shock inputs of up to 12,000 g
(Barbour 2010). There are a wide variety of vibrating plate gyros, such as the comb driven
configuration - minimizing coupling between sense and drive, or others currently under
development, such as JPL’s MEMS gyro (Bae 2002). This JPL version includes a two degree-of18

freedom resonating four-leaf-clover, suspended by four T-springs at each edge with a vertical post
providing the main inertial mass and an eight-electrode plate for driving and sensing the rocking
motions of the cloverleaf.
Resonant Ring gyroscopes have an advantage over the other two types because they drive and
sense vibrational energy in one plane, the low vibrational mass of the ring, however, decreases the
scale factor.
2.1.2 MEMS Inertial Sensors Application
Inertial Measurement Units (IMUs) contain three orthogonal gyroscopes and three orthogonal
accelerometers, measuring angular velocity and linear acceleration respectively. By processing
signals from these devices it is possible to track the position and orientation of a device. Initially,
these types of inertial sensors were used for aerospace and military navigation applications,
especially when high performance was required (David 2004). With the introduction of MEMS
inertial sensors, applications once considered out-of-reach, became a possibility (e.g., artillery
shells, 30-mm bullets) because of their very small size and low power consumption (Aggarwal et
al. 2010). In fact, MEMS inertial sensors can now be deployed almost everywhere, from aircraft
and space navigation, underground drilling, hard-disk fall protection, airbags in vehicles, video
gaming, and athletic performance improvement analysis - all at an affordable price and compact
size. Nowhere is this ubiquity and economy more evident than in the automotive industry’s use of
MEMS accelerometers in crash airbag deployment systems. By integrating the accelerometer and
electronics onto a single silicon chip, the cost of conventional airbag accelerometers has dropped
from $50 per device to only a few dollars. They are now not only used in most vehicles, but are
also found in most electronic handheld devices such as smart phones and tablets (Collin et al.
2013).
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The MEMS inertial sensors market is witnessing a rapid growth alongside technological
advancements such as sensor fusion, where multiple sensors are combined in order to overcome
the disadvantages of single sensor. According to predictions made by the internationallyrecognized QY Research Group, the global market for MEMS sensors is expected to grow at a
compound annual growth rate (CAGR) of 10.5% for the next five years, and market size will
increase from approximately $6.2 billion in 2015 to $8.5 billion by 2018 (QY Research Group
2015). Contributing to this impressive growth rate is their applicability in applications related to
precision-guided munitions or small unmanned aerial vehicles (UAVs) (Perlmutter et al. 2012;
Collin et al. 2013). For many navigation applications, improved accuracy/performance is not
necessarily the most important issue, but meeting performance criteria by reducing cost and size,
is (Barbour 2010). Recent availability of tactical-grade MEMS IMUs are clearly attractive
especially for those with a strict size limit, or requiring robustness and low power consumption
levels. For directional drilling in the oil and gas industry, a process rife with high temperatures and
vibrational movement, sensors working in the down-hole are required to operate under extreme
conditions. The recent availability of tactical-grade MEMS IMUs are ideal in this harsh
environment with specific size limitations, and performance requirements. A robust MEMS
gyroscope, specifically designed for oil and gas exploration, has recently been introduced (Lin et
al. 2014) and provides the impetus for the exploration of a potential low-cost MEMS-based MWD
gyroscope within this research.
2.2 MWD Methodology Using MEMS-based SINS
An inertial navigation system (INS) is an integrating system consisting of a detector and an
integrator. It first detects acceleration (by the detector), which it then integrates to obtain velocity
and, after another integration, displacement. When used in this way, an INS can be considered a
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highly-sophisticated dead-reckoning system. These systems can categorized into two types: stable
platform systems and strapdown systems. The difference between the two is the frame of reference
operated in by gyroscopes and accelerometers. In stable platform systems inertial sensors are
mounted on a platform isolated from any external rotational motion, that is, the platform is held in
alignment with the geographic frame by specific mechanism. For strapdown inertial navigation
systems (SINS), inertial sensors are mounted rigidly to the device, and therefore output quantities
are measured in the body frame rather than the geographic frame. To keep track of its orientation,
the signals from the gyroscopes are ‘integrated’. To track position, the three accelerometer signals
are transformed into geographic coordinates using the known orientation, as determined by the
integrated gyroscope signals. Transformed acceleration signals are then integrated in a similar
fashion to the stable platform algorithm. Strapdown systems reduce mechanical complexity and
tend to be physically smaller, but these benefits are achieved at the cost of increased computational
complexity. However, as the cost of computation decreases strapdown systems have increasingly
become the dominant type of INS, and because of this, SINS was chosen in this research.
2.2.1 Methodology
2.2.1.1 Different Frames and their Relationships


Inertial Frame

The inertial frame (i-frame) is understood as a non-rotating, non-accelerating frame of reference
in which Newton's laws of motion are valid. In this frame, ideal gyro and accelerometer output are
zero. However, because of the difficulty in building a strictly-defined inertial frame of reference,
a quasi-inertial frame is used in practice. This inertial frame has, as its origin, the center of the
Earth and non-rotating axes with respect to the fixed stars. Its Z axis is parallel to the spin axis of
the Earth, its X axis points towards the mean vernal equinox, and its Y axis completes a right21

handed orthogonal frame, illustrated in Figure 2-1. Therefore, the right ascension system, closely
approximating an inertial frame, is used as the inertial frame in practice (Shin 2005). Typically,
gyroscopes output the angular rate of the moving object with respect to i-frame and measured in
b-frame, discussed later in this Section.

Zi || Ze
Ecliptic

Yi
Celestial Equator

Vernal equinox

Xi

Figure 2-1 Definition of a Quasi-inertial frame of reference.


Earth Center Earth Fixed Frame (ECEF)

The Earth center Earth fixed frame (ECEF), also called Earth frame (e-frame) has its origin at the
e

center of mass of the Earth, and axes ﬁxed to the Earth. Its x-axis ( X ) is parallel to the Greenwich
e

meridian and y-axis ( Y ) points toward 90° east of Greenwich meridian in the equatorial plane,
e

while z-axis ( Z ) is along the Earth's polar axis (axis of rotation of the reference ellipsoid), thus
completing a right-handed orthogonal frame. The e-frame rotates, with respect to i-frame, at a rate
e

15.041deg/h about Z . The direction cosine matrix (DCM) is commonly used to transform vector
expressed in different frames, and so DCM from the i-frame to the e-frame can be expressed as:

 cos e t sin e t 0 


Cie    sin e t cos e t 0  ,
 0
0
1 


(2.1)
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Where ( e ) is the rotation of the earth, approximately equating to 15.041deg/h; (t) is the time.

Figure 2-2 Earth centered earth fixed frame (ECEF).


Local-level Frame (Navigation Frame)

Local-level frame is often used as navigation frame (n-frame), whose center is the origin of the
navigation system. X-axis points Ellipsoid East (E-axis), y-axis towards Ellipsoid North (N-axis),
and z-axis upward along the Ellipsoidal normal, completing a right-handed orthogonal frame (EN-U), as shown in Figure 2-3. DCM from the e-frame to the n-frame can be expressed as:

cos 
0 
  sin 


Cen    sin  cos   sin  sin  cos   ,
 cos  cos  cos  sin 
1 


(2.2)

Where (  ) and (  ) are the latitude and longitude of the origin of the navigation system,
respectively.
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Figure 2-3 Navigation frame (local level frame).


Body Frame

The body frame (b-frame) is an orthogonal axis set aligned with the pitch, roll and heading axes
of a moving object, i.e. transversal-forward-vertical ( x b  y b  z b ), as shown in Figure 2-4. DCM
between the b-frame to the n-frame in this case can be expressed as:

 cos  cos   sin  sin  sin  sin  cos  cos  sin  sin  sin  cos  


C    sin  cos   cos  sin  sin  cos  cos   sin  sin  cos  sin  cos   ,


 cos  sin 
sin 
cos  cos 


n
b

(2.3)

Where (  ),(  )and (  ) are the pitch, roll and heading axes of the moving object, respectively.
Vertical

Rotation
Transform

Zb

Body Frame

North

Transverse Forward

Local-level Frame

East

Figure 2-4 Relationship between b-frame and n-frame.
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2.2.1.2 Continuous Trajectory Real-time Measurement of BHA
In order to derive a continuous wellbore trajectory, SINS mechanization equations are
implemented. Inputs to the mechanization equations are the accelerometer and gyroscope sensor
measurements, while outputs are position, velocity, and attitude of the platform where the inertial
sensors are installed (El-Sheimy 2015). Because of recent advances in the construction of MEMS
devices, it is possible to manufacture small and light inertial navigation systems, as such
accelerometer and gyroscope sensors are mounted inside the RSS collar and their sensitive axes
are aligned toward the forward direction (y), the transverse direction (x), and the (z) direction
perpendicular to the xy plane and so form the body frame (b-frame). The relative position between
the b-frame inside the rotary steerable system collar with respect to local-level frame is presented
in Figure 2-4. In this drilling case, DCM Cnb is a combination of azimuth (  ), pitch (  ) and
toolface (  ) angles expressed in Equation 2.3 (ElGizawy 2009).
The original accelerometer and gyroscope measurements represent the linear acceleration and
angular velocities in the b-frame, however these measurements have to be transformed into a locallevel frame in order to provide the position, velocity, and attitude of the moving drill bit and drill
collars. Detailed derivations of the SINS mechanization equations in the navigation frame are
discussed by El-Sheimy (2015) and these equations are a set of first order differential equations as
shown in Equation 2.4. In this case, the inputs to the local level frame (LLF) mechanization
equations are the gyroscope and accelerometer measurements, so by solving these equations, drill
bit position and attitude angles are obtained.
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Where, r l     h  includes three position parameters, vl   ve vn v u  represents three
velocity parameters and R lb  R(p, r, A) defines the rotation matrix between body frame and local
T

T


0


1
1
level frame (the three orientations p, r and A) and D  
 (N  h) cos 

0



1
Mh
0
0


0

0 .


1


The third row of Equation (2.4) provides an attitude estimation algorithm to obtain Euler roll
(toolface), pitch (inclination), and yaw (azimuth) angles. Because the DCM method can cause
singularities (El-Sheimy 2015), a quaternion formulation is often used in the algorithm to provide
attitude propagation. A differential equation describing the propagation of the quaternion is
integrated to obtain the propagated quaternion by inputting the body angular rates sensed by the
gyros. The DCM defining the attitude roll (toolface), pitch (inclination), and yaw (azimuth) angles
can then be obtained from the quaternion.
Given that strapdown IMUs work in discrete form and usually output angle and velocity
increments in the body frame, discrete integration algorithms are needed to solve the continuous
form equation listed in Equation (2.4). Much research has been completed on this subject (Titterton
et al. 2004; Noureldin et al. 2013; El-Sheimy 2015) and for more detailed information, please refer
to Shin (2001) and El-Sheimy (2015).

Furthermore, inputs, i.e. the measurements of

accelerometers and gyroscopes, need calibration and correction in advance before use. By
obtaining the real-time navigation parameters of bottom hole assembly (BHA), the continuous
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trajectory of the well can be solved accordingly. The flow block diagram in Figure 2-5 summarizes
the implementation of SINS mechanization equations in the navigation frame (El-Sheimy 2015).

Figure 2-5 Block diagram of mechanization equation in n-frame.
2.3 Challenges
While there are many advantages, there are also challenges for MEMS-based SINS to be used as
MWD tools for directional drilling applications. Generally speaking, challenges emerge from three
sources: 1) the inherent property of SINS; 2) the error of MEMS sensors, and 3) errors induced by
the harsh environment.
2.3.1 Long term drift characteristic property of SINS
The fact that all navigation solutions (position, velocity and attitude) drift with time is a major
issue affecting stand-alone strapdown inertial navigation systems (El-Sheimy 2015), especially for
the large noise errors contained within MEMS inertial sensors. From the calculation process
discussed in Figure 2-5, a series of integrals are carried out, as such if any initialization parameters
are carried out, such as the sensor outputs or calculation precision is not perfectly accurate, a
cumulative error will be introduced for SINS and grow larger with time. Because this long-term
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drift is an inherent characteristic of SINS, for drilling a directional well, it can potentially last from
hours to months (Adams 1985), resulting in a drift error of epic proportions if not addressed at the
outset.
2.3.2 Large Errors of MEMS Sensors
Despite relishing the benefits introduced by MEMS sensors, researchers also endure its main
drawback: large errors. When compared to high-end gyroscopes such as Ring Laser Gyroscope
(RLG), Dynamic Tuned Gyroscope (DTG) or FOG, MEMS gyroscopes potentially have a bias
hundred times larger. Furthermore, materials used, the fabrication technology and the operational
principles of MEMS inertial sensors make them extremely sensitive to environmental variations.
The two most influential variables influencing MEMS sensors’ performance are temperature and
vibration. In general, the long term error behavior of the sensors is governed by these external
factors rather than the sensors’ stability errors. Therefore, analysis of inertial units’ susceptibility
to various external factors is crucial for accurate sensor modeling.
2.3.3 Harsh Drilling Environment Driven System Errors
Deep and highly-deviated directional wells have become increasingly common because of their
ability to reach deeper and more distant reserves and the considerable benefits that they have
(Adams 1985; Lin et al. 2014). Oil and gas exploration is large harsh-drilling-environment-induced
characterized by the extreme environments thrust upon MEMS sensors often involving a
confluence of high temperature, high pressure, vibration, shock, corrosion and cyclic loading. The
microsystem, including the MEMS transducer, control electronics and the package, not only needs
to survive after exposure to these environmental stresses, but also requires full functionality during
periods of extremely stressed.
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Vibrations induce sensor errors in two ways depending on the nature of their frequencies. High
frequency vibrations are primarily related to the resonance of mechanical structures. In order to
mitigate the effects of high frequency, two common techniques are employed: a) increasing the
drive resonance frequency beyond what is typical of the external interference, and; b) using a
closed-loop design methodology. These methods are not fool-proof, however, and possess
shortcomings in terms of reduced sensitivity and added complexity in the control circuitry.
For low frequency vibration, or linear acceleration, the acceleration serves to perturb the proof
mass from its balanced state creating an erroneous electrostatic force in the sensing direction (Lin
2014). A frame decoupling design is often implemented to enhance robustness of MEMS against
this issue.
Temperature increase, that is, heat, caused by mechanical and hydraulic friction during the drilling
is transferred by advection along the borehole and exchanged with the hard drilling formation
through conduction. As a result, the surrounding rocks are heated, leading to wellbore temperature
change. The “kick-offs” from casings are often shallow so that the operating temperature
requirement on a gyroscope can be relaxed to less than 125°C. Because the gyroscope rides along
with the MWD sensors in drilling, it needs to survive the long term exposure to much higher
temperatures deeper down hole (200 °C or higher). A semi-analytical temperature model, as well
as several other models, was presented by Nguyen (2009) and predicted temperature profiles for
directional wells. In this model, once a drilling plan is established, the temperature profile can be
modeled as a function of drilled-depth along its trajectory. Thus, temperature induced inertial
sensors’ errors can be generated correspondingly and so wellbore temperature profiles can used in
the temperature-induced MEMS sensor error model to simulate any corresponding errors.
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2.3.4 External Measurement Information
As discussed above, overcoming the long-term drift of stand-alone MEMS SINS requires external
measurements information. The Global Navigation Satellite System (GNSS) is recognized as the
ideal complement to SINS by offering absolute positioning information and consistent accuracy
(in open sky) to overcome the problem of INS time-dependent error growth. However, GNSS is
not available for underground drilling applications and so alternative support initiatives become
essential for restricting the accumulated time-dependent errors of stand-alone SINS. Examining
the process of directional well drilling reveals two different, basic modes: the drilling mode,
referring to time spent actively drilling the well; and stationary mode, referring to inactive times
where all tools are disengaged and additional pipes are connected.
2.3.4.1 Drilling Mode
During the drilling process, the on-going use of known drilled pipe lengths can be cross-referenced
with passage of time to determine the drill bit’s rate of penetration in order to provide a continuous
velocity update of the SINS with the data fusion method (ElGizawy 2009). The drilled pipe length
measurement is based on measuring the drill line movements by monitoring revolutions of the
draw works drum to record incremental additions to the drill string (Bourgoyne et al., 2005).
Furthermore, a continuous position update is applied, based on the position computed by drilled
pipe length, using minimum curvature method (MCM), discussed later in Chapter 3.
2.3.4.2 Stationary Mode
During drilling operations, regular stops occur in order to connect a new stand of pipes. Stationary
measurements are taken, including zero velocity updates (ZUPT), stationary MCM position
updates, and magnetic heading angle updates. In large drilling rigs, drilling stops every 30 meters,
for at least 5–10 minutes, in order to connect a new drill pipe stand, and occurs on smaller drilling
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rigs every 10 meters. During this ‘rest’ period, observational stationary measurements are applied
and recorded as updates to the SINS (ElGizawy 2009).
The first stationary update is the zero velocity update (ZUPT). BHA heading measurement is
obtained from a magnetometer triad able to provide heading observations while it is stationary.
Compensation must be made between the magnetic north and true north by using the British
Geological Survey Global Geo-Magnetic (BGGM) Model. Final external information to update
position coordinates of the drill string occur similarly to the continuous position update computed
by MCM.
2.4 Nonlinear Filtering Method
MEMS sensor-based SINS possibly demonstrates high, nonlinear characteristics because MEMS
sensors have large errors. In order to fuse inertial sensor measurements and observation updates,
either in drilling mode or in stationary mode, nonlinear filtering methods are required (Gelb 1974;
Brown et al. 1997; Grewal et al. 1993). Extended Kalman filter (EKF) and Unscented Kalman
filter (UKF) are the two most commonly used techniques for filtering, though only UKF is used to
process all measurements in order to arrive at an optimal solution in this thesis.
The choice of using UKF over EKF is based on the limited reliability of EKF for only almostlinear systems in terms of the time scale of updates. This reliability issue stems from EKFs error
and update models being acquired through linearization and so, second-order errors are generally
neglected. In this case, MEMS sensors-based SINS show high, nonlinear characteristic because
the sensors have large errors and noises and so second-order errors become problematic. In order
to overcome the limitation of EKF, UKF based on Unscented transformation (UT) was developed
as a method to propagate mean and covariance information through nonlinear transformations to
solve the linearization-induced problems of EKF (Julier et al. 1995).
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The UKF was often proposed for implementation in INS/GPS applications, especially when using
low-cost inertial sensors, or in cases of large initial errors (Nassar et al. 2006). Instead of
linearization, the UKF navigation state vector is modified to include the inertial sensors error
states. Moreover, the modified state vector ( x m ) and the system input noise (w) were augmented
to produce an augmented state vector ( x a ) as follows:
xm 
xa    ,
w 

(2.5)

In UKF implementation, a set of Sigma Points (SPs)  a are generated as well as their
corresponding weights (( w ix̂ ) for mean, ( w iP ) for covariance)) from a given mean and covariance.
Then, the SPs are transformed through nonlinear prediction and update models. The UKF
prediction stage algorithm is as follows (Julier et al. 1995):
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i 0
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m
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 xˆ k )(i,k
 xˆ k )T ,

(2.8)

i 0

Where (f) is the nonlinear mechanization model or dynamic process model, (p) is the number of
SPs, ( w ix̂ ) and ( w iP ) are weights for the mean and covariance calculation, respectively. The
schematic difference in the prediction stage between UKF and EKF is shown in Figure 2-6 (Nassar
2006; Shin 2005).

The UKF update process algorithm can be formulated as follows (Julier et al. 1995):
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Where (h) is the nonlinear measurement model and ( x m ) is the state, determined by how many
and

what

states

x m    h ve

needed

vn

vu

to

be

estimated

in

UKF,

for

example

T

   31 f31  . Of course, more states, such

as misalignments of both gyroscopes and accelerometers, can be added into the state
( x m ) as well.

Figure 2-6 Difference between UKF and EKF in the process of prediction.
Shin (2005) developed Unscented Kalman Filter (UKF) as a useful tool for aided INS application,
and this system is partly re-used in this thesis. Essentially, the modified SINS mechanization is
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used as the system model for letting system noise generated within the UKF, pass through. The
measurement function, whether linear or non-linear, can be used directly in the update process
outlined above. In this situation, there is no need to linearize the measurement model even if it is
non-linear, markedly different from in EKF. For a breakdown of the prediction process, please
refer to Shin (2005). Because the supported measurements used in this research are based on
information available during the drilling process, measurement models could be different in
different drilling modes. Given this information, UKF can be used to fusion all the information
together in order to obtain the optimal solution for a low-cost, MEMS-based, MWD system during
the drilling process.
2.5 Summary
This chapter first introduced MEMS inertial sensors and their wide application in a variety of
industries, and subsequently, a MEMS-based SINS was proposed to make MWD tools for a
directional drilling application. A methodology was developed in order to measure a continuous
wellbore trajectory in real-time with the proposed method. Challenges such as the long-term drifterror of SINS, large MEMS sensor errors and the on-going pressure of harsh-drilling-environmentinduced errors were discussed. By analyzing the drilling process, available external measurements,
used as updates for SINS, were examined and listed with respect to two different working modes:
drilling mode and stationary mode. The non-linear filtering method, UKF, was proposed as a
means to fuse a MEMS-based SINS solution with available external measurements to obtain
optimal outputs.
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CHAPTER 3: DIRECTIONAL WELL PATH DESIGN
AND TRAJECTORY SIMULATION

The drilling of a wellbore along a predetermined trajectory to a known target seems simple enough
in theory, but in practice it possesses an assortment of variables to contend with. This chapter first
introduces the parameters needed to plan a directional wellbore path. Then, directional well
trajectory calculation methods are discussed and minimum curvature method (MCM) is
highlighted for its high accuracy. Using MCM, methodology to plan a directional wellbore
trajectory is addressed to generate the 3D well path in spatial coordinates, a set of continuous 3D
points with inclination and azimuth as a function of measured depth (MD). With the designed
trajectory, taking into consideration the timeline, the dynamics of the trajectory is determined in
order to specify the required speed for completion. Based on the generated trajectory, error-free
IMU raw data can be devised by the inverse algorithm of strapdown inertial navigation
mechanization. An alternative method to generate wellbore trajectory was proposed in case that
the trajectory can be segmented into only straight lines and arcs. Finally, a summary ends this
chapter.
3.1 Parameters to Describe a Directional Well
Directional drilling differs from vertical drilling in that it deflects the wellbore in order to reach its
subsurface target. In industry, vertical wells are generally understood as any well with an
inclination within 5° off center, while highly-deviated wells maintain an inclination greater than
60° off center. Wells with a section having an inclination greater than 85° over a significant
distance are called ‘horizontal wells’ (Farah 2013). Prior to designing a trajectory, it is necessary
to study the process of drilling a directional well, as well the descriptive parameters involved
therein.
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Looking at a schematic of a simple directional well (Figure 3-1), the basic components are easily
recognizable. The target and rig position are decided upon and fixed, based on geographic and
surveyed information obtained by engineers. Once the rig is set up, the drilling begins and descends
vertically until reaching the Kick-off Point (KOP, point B in Figure 3-1). From the KOP, the well
then deviates from its vertical trajectory and begins its journey towards its desired inclination angle
within declared speed parameters, referred to as the build-up rate, and is always measured in
degrees per 30 meters (°/30 m). Once reaching the predetermined inclination angle, the building
up process ends and drilling proceeds tangentially until reaching the target. From this simple
example, several important parameters of a directional well can be defined.

A

B

Kick-off Point
Inclination
N

W

O

E

S
Azimuth

T
Target

Figure 3-1 Main parameters of a directional well (adopted from: Farah 2013).


Kick-off point (KOP): the depth where the well deviates from its vertical path.



Azimuth: the angle (°) between the north direction and the plane containing the vertical
line through the wellhead and through the target.



Build-up rate: the speed (o/30 m) at which the desired inclination angle is achieved from
the kick-off point. This is the build-up phase.



Inclination: angle (°) made by the tangential section of the hole with the vertical line.
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Measured depth (MD): the total length of the well along the well path.



True-vertical depth (TVD): vertical distance between starting point and survey point.



Tangent section: section of a well where the well path maintains a certain inclination, with
the intent of advancing in both TVD and vertical section.



Well path: the trajectory of a directionally-drilled well in three dimensions.
N
Ψ1
E
θ1

Ψ2

t1
α

θ2
t2

V

Figure 3-2 Dogleg severity definition (adopted from: Sawaryn et al. 2009).
Dogleg Severity (DLS) is an index measuring the rate of change in a borehole’s inclination and
azimuth with respect to the MD of the well, as shown in Figure 3-2. This index is used to determine
stress fatigue in drill pipe, casing wear, and casing design loads, and can be a limiting factor in
casing running and directional drilling operations. During the directional drilling process, one of
the constraints is the maximum dogleg, or curvature, of the wellbore. Expressing this curvature, as
a function of change of inclination as well as azimuth, is shown in Equation (3.1).
1/2
  2  2  1

2  2  1 
  2sin  sin (
)  sin 1 sin  2 sin (
)  ,
2
2
 

1

(3.1)

A positive difference in inclination angles implies angle building, and so conversely, a negative
difference implies angle dropping. A positive difference in azimuth indicates a turn to the right
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and a negative difference indicates a left turn. Should the azimuth possess neither a positive nor a
negative difference, and only inclination angles change, the curvature is related to the DLS by
build-up rate (q) and, again, measured as °/30 m:
a

q
5400

,

(3.2)

All possible drilling sections can be used to design a variety of different wellbore trajectories
required in industry in order to meet environmental requirements. Using Figure3-1 as a point of
departure, three special cases can be drawn as: (Type 1) build and hold type; (Type 2) build, hold
and drop type, and; (Type 3) deep build type. Figure 3-3 illustrates these three types most
commonly used in industry.

A

A

KOP
B

EOB

A

KOP
B

KOP
B
C

EOB
DOP

KOP: Kick-off Point
EOB: End of Build
DOP: Drop-off Point

T
Target
Build and
hold type

T
Target
Build, hold
and drop type

T
Target
Deep build type

Figure 3-3 Typical wellbore paths (adopted from: Farah 2013).
3.2 Directional Well Trajectory Calculation Method
Wellbore survey, or calculation, technology is required to provide real-time measurement of
spatial information in order to guide the drilling process accurately. Because of its significance to
the process, different wellbore survey methods are reviewed and discussed below.
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3.2.1 Major Calculation Methods
During a wellbore survey, survey tools typically provide an incremental departure from a known
starting point, usually the rig position. These tools calculate MD, inclination and azimuth, and each
point of measurement is called a survey station. The measured parameters are then used to calculate
the wellbore position in terms of the 3D coordinates Northing, Easting and TVD. Inclination angle
is measured with respect to the vertical, while azimuth is measured with respect to true north. The
accurate position and direction of the borehole should be determined at depths potentially not
coinciding with the depth of survey stations, and so a mathematical tool for interpolating between
survey stations is then required. Within this process, there are over 18 methods available for
calculating or determining the trajectory of a wellbore (Bourgoyne et al. 1991).
The most common survey methods are: the Tangential, Averaging Angle, Balanced Tangential,
Mercury, Radius of Curvature, and the Minimum Curvature method (MCM), but generally they
fall into one of two categories; those using straight line approximations, and those assuming the
wellbore is built on a curve and so approximate using curved segments. Listed in Table 1 are
comparisons between the calculations of six different methods on a single wellbore trajectory. The
tangential method often gives considerable errors for the Northing, Easting and elevation,
rendering it virtually obsolete in the drilling industry currently (Bourgoyne et al. 1991).
Differences between the Average Angle, Balanced Tangential, Radius of Curvature and MCM are
relatively minute, and so any of these can be used for calculating the trajectory. The Tangential,
Balanced Tangential, Mercury and Angle averages, are applicable to a wellbore trajectory
following a straight line course, the Radius of Curvature is only applicable to a trajectory following
a curved segment, while MCM is applicable to any trajectory path. In practice, MCM is probably
the most commonly-used method in industry.
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Table 3-1: Comparison of Results of the Six Survey Methods (Bourgoyne et al 1991)
TVD
Method
Tangential
Balanced tangential
Mercury
Angle-averaging
Radius of Curvature
Minimum Curvature

North displacement

Calculated
Value (ft)

Diff. from actual
(ft)

Calculated Value
(ft)

Diff. f Calculated
(ft)

1628.61
1653.61
1653.62
1654.18
1653.99
1653.99

-25.38
-0.38
-0.37
0.19
0
0

998.02
954.72
954.89
955.04
954.93
954.93

43.09
-0.21
0.04
0.11
0
0

3.2.2 Minimum Curvature Method (MCM)
Back in 1985, MCM was recognized by industry as one of the most accurate methods, but was
also considered cumbersome because of the required hand calculations. Today, with the
widespread use of computers, computational effort is no longer an issue, and the method has
emerged as the accepted industry standard. In MCM, two adjacent survey points are assumed to
lie on a circular arc, with a minimum curvature or a maximum radius of curvature, between
stations, as seen in Figure 3-4. This arc is located in a plane whereby the orientation is defined by
known inclination and azimuth angles at the arc ends, also being the survey outputs of the station
(Bourgoyne et al. 1991); meaning that the wellbore follows the smoothest possible circular arc
between stations.
This model takes the space vectors, defined by inclination and azimuth measurements, and
smooths them onto the wellbore curve (Figure 3-4), in a modification of the Balanced Tangential
method. Instead of approximating the wellbore path with two straight lines, the minimum curvature
replaces these lines with a circular arc, calculated by using a DLS factor based on the amount of
angular change over the course length.
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Figure 3-4 MCM to calculate trajectory (adopted from: Farah 2013).
The related calculations are:

MD


North

(sin 1 cos 1  sin  2 cos 2 )  RF

2


MD
(sin 1 sin 1  sin  2 sin 2 )  RF ,
East 
2


MD
TVD  2 (cos 1  cos  2 )  RF

(3.3)

Where, (RF) refers to the ratio factor, which is decided by:

RF 

2

 tan ,

2

(3.4)

And  can be decided by Equation (3.1).
Also,
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MD  Measured depth between surveys (m);
1 = Inclination of upper survey ();

2
1
2
RF

= Inclination of lower survey ();
= Azimuth of upper survey ();
= Azimuth of lower survey ();
= Ratio factor.

However, when   0 occurs, RF is mathematically indeterminate, therefore, for   0.02 radians,
the series expansion should be used instead as:

RF  f ( )  1 

2
2
2
31 2
{1  [1 
(1 
)]} ,
12
10
168
18

(3.5)

3.3 Methodology to plan a directional wellbore trajectory
Because designing a well path is essentially an inverse of the wellbore surveying process, using
the same model for both the surveys and the segments of the well-plan trajectories is reasonable.
Therefore, a spatial-arc wellbore trajectory technique based on MCM, is proposed herein. The
main outcome of wellbore trajectory planning is an established set of spatial coordinates and to set
the orientation of the well path, often using the parameters discussed in the aforementioned section;
inclination, azimuth, 3D spatial coordinates (Easting, Northing and TVD), and Radius of
Curvature (Sawaryn et al. 2003; Liu et al. 2001; Amorin et al. 2010). Given that a trajectory is
composed of different kinds of sections, typically treated as different modules, a modular design
concept can also be carried out when planning a directional wellbore path.
3.3.1 Reference Frames
Reference frames include the local reference frame and two other frames with respect to the
borehole.


Local Reference Frames
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A traditional reference frame for directional work uses north, east, and vertical coordinates
comprising a right-handed Cartesian frame, as shown in Figure 3-5 (Sawaryn et al. 2003). These
coordinates are expressed by the vector p as:

N 
p   E  ,
 V 

(3.6)

N
Ψ

E

θ

t

V

Figure 3-5 LLF coordinate reference frame (adopted from: Sawaryn et al. 2003).
A unit directional vector ( t ) can be represented in terms of the local inclination (  ) and azimuth
( ) as:

 N  sin  cos 
t   E    sin  sin  ,
 V   cos  

(3.7)

Therefore,  and  can be calculated as follows:
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arctan
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  arctan  E 



 N 


(3.8)

By using this reference frame, an implicit assumption is made that the Earth is flat. This assumption
holds for most directional wells of moderate distances. For larger distances, such as those
encountered in extended-reach wells, the Earth’s curvature must be taken into account.


Borehole Reference Frames

Borehole reference frames include two related reference frames as illustrated in Figure 3-6 (Liu et
al. 2001; Liu et al. 2014): one is the section frame; the other one is the borehole frame. For Section
̂ , the section coordinate is defined as: starting Point A of Section 𝐴𝐵
̂ is the origin; the highside
𝐴𝐵
defined as x-axis; the rightside defined as y-axis; and the tangent unit direction of the wellbore
trajectory of Point A is defined as z-axis to make A-xyz a right-handed Cartesian coordinate. For
the second reference frame of the borehole, the internal normal direction (  ), bi-normal (  ) and
tangent unit vector (  ) form a right-handed, mutually-orthogonal Cartesian coordinate. The angle
between the high-side (x) and the internal normal vector (  ) is the toolface angle

A of Point A.

x

A
y

A

z ( )





R
B

Figure 3-6 Borehole reference frames (adopted from: Liu et al. 2001).
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The high-side, right-side and vertical unit vectors can be expressed as (Liu et al. 2001; Liu et al.
2014):

cos  cos 



 x   cos  sin 

  sin  

  sin 




,
 y   cos 

 0 


sin  cos 



 z   sin  sin 

 cos  


(3.9)

The relationship between the two borehole reference frames is:

   cos  A
     sin 
A
  
   0

Where,

sin  A
cos  A
0

0
0 
1 

 x
 y ,
 
 z 

(3.10)

A is the toolface angle of Point A.

3.3.2 Planning Typical Well Trajectories by MCM
The MCM used in this procedure is the preferred approach to well path calculation because of its
relative simplicity and ubiquity in industry in terms of interpreting directional surveys. For a
general case, assuming point p1 and point p2 are the two ends of a circle section, 1 ,  1 ,  2 and

 2 are the inclination and azimuth of point p1 and p2 , respectively (Figure 3-7). The coordinate
of point p1 and MD ( S12 ) are known, and so based on the MCM, the coordinate of point p2 can be
immediately calculated by Equation (3.11) (Liu et al. 2014; Sawaryn et al. 2009)
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p′
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Figure 3-7 Two adjacent points in the trajectory (adopted from: Sawaryn et al. 2009).

sin 1 cos 1  sin  2 cos 2 
S12 f ( ) 

p2  p1 
 sin 1 sin 1  sin  2 sin 2  ,
2


cos 1  cos  2

(3.11)

Where, f ( ) is obtained by Equation (3.1), Equation (3.4) and Equation (3.5).
Furthermore, the information of any point p  can be expressed in the function of the MD ( S  ).
First, the build angle (   ) can be easily expressed by Equation (3.12)

S
,
S12

 

(3.12)

The unit vector ( t  ) of point p  can be obtained by Equation (3.13)

t

sin(   )
sin  
t1 
t2,
sin 
sin 

(3.13)

Where, t 1 and t 2 can be calculated from 1 ,  1 ,
When

 2 and 2 by using Equation (3.7).

1 =  2 and 1 = 2 , is established, from Equation (3.1),   0 , can be obtained, indicating

the curvature is 0, meaning that the section between point p1 and point p2 , is a straight line. In
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this case, the information of any point in the trajectory is easily obtained by the function of S  .
For typical tasks, shown in Figure 3-4, the most common well path configurations are Type 1
(build-hold, or slant-shape) and Type 2 (build, hold and drop or S-shape), with the third Type (deep
build well) existing as a special case of Type 1; given this, all three types of well paths can be
designed. A slant-well kicks off, builds angle, and continues towards the target with a constant
inclination. An S-well builds angle, runs straight, and subsequently drops angle into the target.
3.3.2.1 Type 1 Well path or Slant-well path
For this task, known information includes:


The coordinate of starting Point A



The coordinate of kick-off Point B



The coordinate of target Point T



The build-up rate (q)

A
C’ EOB
KOP

B

θ

R

O

C
EOB

θ

KOP: Kick-off Point
EOB: End of Build

Build and
hold type

T
Target

Figure 3-8 Type 1 well path (Slant well path).
Firstly, R can be calculated using q:
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R

180 1
5400
  30 
(m) ,
 q
q

(3.14)

Secondly, because R is known, a circle with its exact radius can be drawn, as shown in Figure 38. The circle travels through Point B and is tangential to Section AB.
From the target (Point T), two lines tangent to the circle can be determined with intersecting points,
C and C  . It becomes immediately evident that C  is not the solution and should be ignored, and
so Point C becomes the end of building (EOB) point. Because Point C is known, the information
(coordinate, inclination and azimuth) of any point along the trajectory of Section BC can be solved
within the function of MD.
Finally, the information for any point along the trajectory of tangent Section CT can also be
calculated. Any points located on the Type 1 well path, illustrated in Figure 3-8, are used to
determine its information in the function of MD. Some constraints must be considered during this
trajectory design process, such as  not exceeding the maximum inclination.
3.3.2.2 Type 2 Well path or S-Well path
Figure 3-9 illustrates a schematic of a typical S-shape drilling path. The segment between points
B and C is a module 2 segment where the inclination angle is built from 0 to  c . The segment from
Point C to Point D is the straight line section as designed by module 1 and from Point D to Point
T is the drop-off portion.
Similarly, as in a Type 1 well path, the known information includes:


The coordinate of the starting point A



The coordinate of kick-off point B



The coordinate of the target point T
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The build-up rate (q1)



The drop-off rate (q2)



The target angle (  2 ) is dependent on the desired inclination of the wellbore through the
reservoir section

The designing process is as follows:
Firstly, the radius of two curvatures, i.e. build-up section and drop-off section, are calculated as q1
and q2, using Equation (3.15):

180 1
5400

 R1    q  30   q (m)

1
1
,

 R  180  1  30  5400 (m)
 2  q2
 q2

(3.15)

Secondly, by knowing R1 and R2 , two circles with known radiuses can be drawn, as shown in Figure
3-9. The first circle travels through Point B and is tangent to unit vector t B , and determined by the
inclination and azimuth of Point B. Similarly, the second circle travels through Point T and is
tangent to unit vector t T , similarly determined by the inclination and azimuth of Point T.
Thirdly, tangential lines to the two circles, above, are solved by basic geometry knowledge.
Typically, two solutions for CD and CD meet the criterion, but by taking under consideration
true drilling process and other constraints, such as maxim inclination, only solution CD is
appropriate. Accordingly, the intersection points of C and D are at the end of the building point
and the beginning of the drop, thereby corresponding to the build-up section and drop-off section,
respectively. Knowing the information of Point C and Point D, the information of any point along
the trajectory of Section BC and Section DT can be solved in the function of MD.
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Lastly, the information of any point on the trajectory of tangent Section CD can be calculated as
well. Therefore, any point on the trajectory of the Type 2 well path, illustrated in Figure 3-9, can
determine its information in the function of MD.
With these typical tasks discussed above, a more general directional wellbore trajectory case is
shown in Figure 3-10, and consists of drop-off sections beside build-up sections, offering more
flexibility in the trajectory, if needed, to avoid certain underground locations when reaching the
target. However, during the design process, the entire well path should be separated into several
parts, as either Type 1 or Type 2 well paths, and all required information discussed earlier, should
be established beforehand.
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Figure 3-9 Type 2 well path (S-well path).
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Figure 3-10 Possible sections of a typical directional wellbore path (adopted from: Farah
2013).
3.4 Error-free IMU Raw Data Generated from Planned Trajectory
In order to simulate MEMS raw measurements, error-free IMU raw data needs to be generated
from the planned trajectory, and any errors by MEMS sensors are included as part of the drilling
environment conditions. In order to generate IMU raw data from the designed wellbore
trajectories, a reverse procedure involving the mechanization equation of SINS is used by devising
two sub-modules: a gyroscope data generator and an accelerometer data generator. With this
simulation, the drilling speed for the wellbore path can be determined along its entire trajectory.
As a timeline is now established and working in conjunction with the planned directional wellbore
trajectory, its navigation parameters with respect to time (t) can be obtained and the inverse
algorithm of mechanization equation can be used to generate error-free IMU raw data.
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3.4.1 Gyroscope data generator
Theoretically, the error-free output of the gyroscope is (Zhang 2012; Jing 2014)

ibb  Cnb ien  enn   nbb ,

(3.16)

b
Where ib is the error-free gyroscopes’ output, while

 1
  sin 
0
 sin     
 p 


 
nbb   q    cos   cos  sin     0
cos  cos  sin     ,
 r   cos  cos    sin    0  sin  cos  cos    

(3.17)

Where (p), (q), and (r) are the standard symbols for, respectively, toolface, inclination and azimuth
rate components of a drill bit’s angular-velocity vector, and using the planned trajectory, p,q, and
b
r values can be obtained. Furthermore, nb can be calculated by differentiating their values with

respect to t using Equation (3.17).
It is known that:

 ie cos  
,
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 ie sin  
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(3.18)
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enn        N  ,
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  V tan  
 E

 RM  h 

(3.19)
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Combing Equation (3.16) to Equation (3.19), the gyroscope’s output can be generated.
3.4.2 Accelerometer data generator
The measurement of the accelerometer provides the speciﬁc force, and error-free specific forces
can be generated by solving Equation (3.20) and Equation (3.21).

f b  Cnb f n ,

(3.20)

f n  V n   2ien  enn   V n  g n

(3.21)

Where, f is the error-free accelerometer’s output. g n   0 0 g  , and can be calculated by the
b

T

drill bit’s stationary position.
Figure 3-11 demonstrates a flow chart for calculating gyroscope and accelerometer data. Setting
corresponding sensor error components, discussed in more detail in Chapter 4 when examining
sensor error models, enables the simulation of typical MEMS IMU data. Other grades (tactical,
navigation, etc.) of IMU data can also be generated by corresponding variables to wellbore
trajectory dynamics. Consequently, this simulation platform can be used as a tool to evaluate the
performance of a variety of grades of IMU used as MWD tools in the application of directional
drilling.
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Figure 3-11 Flow chart for generating gyroscope and accelerometer raw data.
3.5 An Alternative Method to Generate Trajectory and IMU Raw Data Simultaneously
3.5.1 Methodology
If the designed trajectory is smooth and simple, much like the build-and-hold trajectory seen in
Figure 3-8, trajectory planning for a wellbore path is easy, and the continuous expression form of
the trajectory can be obtained with respect to 3D coordinates using combinations of straight lines
and arcs. Subsequently, an alternative method for generating the wellbore trajectory can be used,
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even in more complicated cases, as long as the trajectory can be segmented into only straight lines
and arcs (Figure 3-10).
 
 
The strategy is to plan the wellbore trajectory using    , the roll, pitch, and yaw rate components
 
 
Vx 
of the drill bit’s angular-velocity vector, and V  Vy  , the x, y, and z-axis components of the
Vz 
 
t

drill bit’s linear-acceleration vector in trajectory frame (trajectory frame differs from body frame
by excluding toolface). This process is similar to designing a kinematic plan along a trajectory
using a 3 DOF (degrees of freedom) parameter of rotations and a 3 DOF for linear translations
constrained along the trajectory, in this case along the y-axis. Designing a straight line segment of
the trajectory, requires only a 1 DOF linear translation along the trajectory, and, not surprisingly,
it is somewhat more difficult when designing an arc. Knowing the radius of the arc, also understood
as ‘designing the trajectory’, and the velocity (the penetration rate of the drill bit), and using the
following equation:

v  R  ,

(3.22)

the rotation velocity of the corresponding axis, based on the direction of the arc, can be calculated.
Then, the centrifugal acceleration can be obtained as:
a  v2 / R ,

(3.23)
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Therefore, we can then determine the 3 DOF of rotations and linear translation, meaning that   
 
 
Vx 
and Vy  can be also obtained through the above process. And so, error-free IMU raw data and the
Vz 
 

discrete nine navigation parameters of the trajectory can be calculated.
3.5.1.1 Straight Line Section
Four different scenarios describe the state of a straight line section:


Rest or stationary state: The drill bit is at rest and velocity is at zero.



Speeding up state: The drill bit moves forward at a constant acceleration (positive) reaching
a specified speed, such as the maximum.



Constant linear movement state: The drill bit moves forward at a constant speed along a
straight line.



Slowing down state: The drill bit moves forward at a constant acceleration (negative) until
reaching a specified speed, such as zero.

For each state, a different kinematic solution is presented.



   0 
Vx  0 
   
The Rest/stationary state is relatively simple:    0 and Vy   0  , and the
 
 
  0 
Vz  0 
 
 

nine navigation parameters are unchanging.


Within the Speeding up state,   0 ,  0 , Vx  0 and Vz  0 , based on the constraints of the
straight line section. V y is constant and can be determined based on the speed required by
the drill bit in order to accelerate up to the constant penetrating speed, and
determined by the target formation’s condition.
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 is usually



The Constant speed state is easily deciphered through:   0 ,  0 , Vx  0 , Vy  0 and Vz  0
, based on the constraints of this scenario. The toolface angle rate (  ) is again decided by
the target formation’s condition.



The Slowing down state, basically an inverse of the speeding up state, we know that   0
,  0 , Vx  0 and Vz  0 , based on the constraints of the straight line section. V y is constant
and is determined based on the speed required by the drill to decelerate to a specified speed.
And once again,

 is decided by the target formation’s condition.

3.5.1.2 Arc Section
There are also four different scenarios in this section, paralleling the straight line sections.


Rest or stationary state: The drill bit is at rest and velocity is zero



Speeding up state: The drill bit moves forward at a constant acceleration (positive) until
reaching a specified speed, such as the maximum.



Constant speed state: The drill bit moves forward at a constant speed along the arc section.



Slowing down state: The drill bit moves forward at a constant acceleration (negative) until
reaching a specified speed, such as zero.

For each state, different kinematic solutions are presented.



   0 
Vx  0 
   
In the Rest/stationary state, is, again relatively simple:    0 and Vy   0  and the
 
 
  0 
Vz  0 
 
 

nine navigation parameters are unchanging this state.


Within the Speeding up state, acceleration along the arc, Vy  a1 , is assumed as constant and
is determined based on the required speed for acceleration up to the constant penetrating
speed ( Vy ) and also determined by the speed required to penetrate the well. During
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acceleration, the penetrating speed at time t is calculated using the equation:

Vy (t )  Vy (0)  a1  t . As R is known from the trajectory design process, the centripetal
acceleration is calculated via Equation (3.23) and angular velocity along the axis
perpendicular to the plane passing through the arc section, by Equation (3.22). Assuming
the arc is building up the inclination, Vz  Vy2 (t ) / R , Vx  0 , Vy  a1 ,   Vy (t ) / R and   0
is obtained accordingly. The

 is decided in advance and determined by the target

formation’s conditions.


With the Constant speed state, Vy is constant and determined in advance. As R is known
from the trajectory design process, the centripetal acceleration is calculated via Equation
(3.23) and angular velocity along the axis perpendicular to the plane passing through the
arc section, by Equation (3.22). During this state the arc is building up the inclination is
assumed and Vz  Vy2 / R , Vx  0 , Vy  0 ,   Vy / R and   0 , can be obtained. Again,



is decided in advance and determined by the target formation’s condition.


For the Slowing down state, much like the inverse of the Speeding up state, knowing that:

Vy  a2 , Vz  Vy2 (t ) / R , Vx  0 , Vy (t )  Vy  a2  t ,   Vy (t ) / R ,   0 is relatively simple,
and, as always,

 is decided by the target formation’s condition.

3.5.2 Error-free IMU Raw Data
To begin, and based on the known, or initialized position, velocity and attitude of time k-1,
Equations (3.24 to 3.26) are used to calculate the corresponding position, velocity and attitude of
T

time k if     and V t are specified:
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 k   k 1    
           t
 k   k 1   
 k   k 1   

cos

vkn   2vkn1   sin

 0


 cos  sin
cos  cos
sin 

(3.24)

sin  sin 
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n

vk (3)





(3.25)

(3.26)

From this, raw gyroscope and accelerometer data can be generated.
T

Gyroscope data generator: Each section of the trajectory’s straight line or arc,     can
𝑏
be determined if the drilling velocity/dynamic is specified. Therefore, 𝜔𝑛𝑏
can be obtained from

Equation (3.17), and so by combining Equation (3.18), Equation (3.19) and Equation (3.16), the
gyroscope’s error-free data output can be calculated.

Accelerometer data generator: Because the drill bit only moves along the wellbore trajectory,
only the y-axis maintains velocity, while x- and z-axes have zero velocity in the trajectory frame.
The straight line section, vt  (0 Vy

0)T only has acceleration along the y-axis; the arc section,

vt  (Vx Vy Vz )T , can be determined through the velocity and the radius of the arc. Once v t has
been determined, v n can then be calculated using the following equation:

V n  RtnV t ,

(3.27)
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cos
Where, R   sin
 0
n
t

 cos  sin
cos  cos
sin 

sin  sin 
 sin  cos  .

cos 
n

After resolving Equation (3.27), f can be determined from Equation (3.21), and then from
b

Equation (3.20), f is obtained as the error-free accelerometers’ raw data.
Through this process, a directionally-drilled well path is planned, and corresponding error-free
IMU data is obtained simultaneously with the proposed alternative method. Figure 3-12 illustrates
the work flow for calculating error-free raw data from the gyroscopes and accelerometers.
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Figure 3-12 Flow chart of an alternative method to generate IMU raw data.
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A trajectory and error-free IMU raw data simulation algorithm was implemented and three
different types of trajectory were examined earlier in this chapter. They were selected to
demonstrate results based on three, user-specified states of speed, thereby generating simulated
error-free IMU data. Figure 3-13 shows an example of one trajectory with two different speeds,
and therefore, a resulting difference in IMU raw data.

Figure 3-13 Interface of trajectory and raw IMU data simulation.
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3.6 Summary
This chapter first examined the corresponding parameters needed to describe a directional wellbore
path. Different surveying methods were then introduced, specifically MCM because of its position
as the industry standard. Based on MCM, a wellbore path design method was proposed, and an
error-free IMU raw data simulation technique was presented with respect to a designed wellbore
path. An alternative method for generating a directional wellbore trajectory, while simultaneously
acquiring error-free IMU raw data, was proposed for trajectories separated into arc and straight
line sections. A simulation, using three of the most commonly used directional well paths, was
devised using different dynamics, by selecting different speed options to demonstrate the method’s
capability.
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CHAPTER 4: MEMS INERTIAL SENSOR ERROR MODELING
IN HARSH DRILLING ENVIRONMENTS

This chapter discusses how to model MEMS inertial sensor errors in a harsh drilling environment
with a view to enhancing overall system performance. After introducing various harsh drilling
conditions, such as a high temperature change profile, large vibration disturbances, and abrupt or
significant shock, corresponding influences to MEMS inertial sensors are addressed, respectively.
Based on the analysis, temperature- and vibration-induced error modeling methods are proposed
for MEMS sensors, with other types of errors modeled as well. Using the model built in this
chapter, real IMU data can be generated using actual directional drilling conditions and processes,
thereby making the simulation process accurately reflect real industrial practice.
4.1 Harsh Drilling Environment and MEMS Error Characteristics
4.1.1 Harsh Drilling Environment
Considering the complexity of geological conditions, underground drilling activity is potentially
quite harsh. During the downhole drilling process, the MWD system may experience severe shock
and vibration, the primary cause of failure of MWD tools in industry (ElGizawy et al. 2010), and
so the minimal shock requirement for a MWD system is 1000 G. For the MEMS sensors found
within these systems, they are required to maintain structural integrity as well as mitigate
mechanical damage without altering or degrading output. For vibrations, the challenge lies not
only in surviving, but also performing. During vibrational events, the system’s performance must
not degrade below the minimum requirement, because the induced error will propagate through
navigation equations and undermine positioning accuracy. The typical specifications for random
vibrations in downhole drilling are 20g RMS (root mean square) with frequency up to 1 kHz (Lin
et al. 2014). High temperatures also create problems and MWD sensors are required to survive
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long-term exposure to extreme temperatures in deeper holes (200 °C or higher), which is really a
challenge especially for MEMS sensors.
Because MEMS units are sensitive to a variety of external ambient factors, generally long term
error behavior of sensors tends to be governed by these, rather than the sensor’s, own stability
errors. Therefore, the analysis of inertial units’ susceptibility to external factors is crucial for
accurate sensor modeling. Responses of MEMS inertial sensors will be discussed herein with
respect to shocks, vibration and temperature change during downhole drilling operations.
4.1.2 MEMS Error Characteristics
MEMS inertial sensor output errors can be divided into two types: deterministic (systematic) errors
and stochastic (random) errors. In order to integrate MEMS inertial sensors with augmented
sensors, and provide a continuous and reliable navigation solution, understanding errors and their
source characteristics is of significant importance (Park 2004). Deterministic errors include bias,
scale factor, and misalignment, while each systematic error has four components: a fixed
contribution; temperature-induced component; a run-to-run variation, and; an in-run variation. The
first two can be calibrated and corrected using laboratory calibration data by building a model
linking these external factors with sensor errors. The run-to-run variation’s contribution to the error
source, and though different each time the sensor is turned on, remains consistent within any given
run, thereby allowing it to be modeled as ‘random constant’. The in-run variation’s contribution
to the error source slowly changes over a run’s course, and cannot be corrected by the IMU nor
with an alignment process. It can, however, be theoretically corrected by an integration with other
navigation sensors, but this is often hard to observe or implement in practice. And so for these
residuals, because they are combined with other random effects, compensation and initial
alignment are difficult to observe and compensate.
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The random noises of inertial sensors are the likely result of many factors and are dependent on
the type of sensor. For example: electrical noise limits the resolution of inertial sensors, especially
MEMS, while pendulous accelerometers and spinning-mass gyroscopes produce noise because of
mechanical instabilities. Random inertial sensor errors, however, primarily refer to the noise of the
sensor itself, consisting of both high- and low-frequency. The high frequency component possesses
white noise characteristics, while the low is characterized by correlated noise. De-noising
methodology is required in order to filter out high-frequency noise in inertial sensor measurements
prior to processing, and this uses a low-pass filter, a wavelet, or a neural de-noising network,
widely explored in a variety of studies. In contrast, low-frequency noise can be modeled using
random processes such as: random constant; random walk; Gaussian-Markov (GM), or; periodic
random processes (Nassar et al. 2005).
Figure 4-1 illustrates the different types of MEMS inertial sensor errors, with blue blocks
representing the corresponding errors being calibrated in lab, and compensated; yellow blocks
referring to corresponding errors being partially-calibrated, and; red blocks indicating errors
unable to be calibrated, and so these must be dealt with in applications. Therefore, in the
simulation, only errors shown in yellow and red blocks are added into the error-free IMU data for
generating actual raw outputs, eventually deployable in the subsequent algorithm verification
process.
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Figure 4-1 MEMS inertial sensor errors types.
4.2 General Errors for MEMS Accelerometers and Gyroscopes
General errors for any inertial sensors, as well as MEMS Accelerometers and Gyroscopes are
outlined and discussed below.
4.2.1 Bias
Bias for any gyroscope/accelerometer is averaged over a specific period of time of
accelerometer/gyroscope output, and measured at a point where there is no input acceleration or
rotation. The gyroscope bias is typically expressed in degrees per hour (°/h) or radian per second
(rad/s) and accelerometer bias is expressed in meters per second squared (m/s2 or g) (El-Sheimy
2015).
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4.2.2 Scale Factor
Scale factor referring to the ratio of change in measured input, is generally evaluated as the slope
of a straight line that can be fit by the method of least squares to input-output data, and can be
understood as either asymmetrical or stable. Asymmetry is assessed by the difference between a
scale factor’s measured positive and negative inputs, and it implies the slope of the input-output
function is discontinuous at zero input and should be distinguished from other non-linearities (ElSheimy 2015). Scale factor stability, also used as a descriptor, is presumed to articulate variation
with temperature and its repeatability, and is expressed as parts per million (ppm); any deviations
from the theoretical scale are due to system imperfections.
4.2.3 Random Errors
Random errors are generally due to random variations of the inertial sensor errors over time. White
noise, random walk, GM, and periodic random processes are often used to model random errors.
4.2.4 Misalignment
Sensor misalignment errors are the result of mechanical fabrication and manufacturing
imperfections in mounting an accelerometer/gyroscope orthogonal triad onto a platform. They
usually result in a non-orthogonality of the axes defining the INS body-frame (El-Sheimy 2015).
As a result, each axis is affected by the measurements of the other two axes in the body-frame.
Axes misalignment can be dealt with through special calibration techniques or modeled into the
INS error equation.
4.3 Temperature Impact and Modeling of MEMS Sensors
As mentioned above, deterministic error sources include bias and scale factor errors which can be
removed by specific calibration procedures in a laboratory environment. However, for low-cost
sensors such as MEMS, these errors exert a greater influence and their repeatability is typically
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poor because of the impact of environmental factors, especially temperature, making frequent
calibration necessary (El-Diasty et al. 2006). More explicitly, the actual values of the bias and
scale factors vary from those obtained through the calibration process because of the difference
between operational and calibration temperatures (Walid 2005). Therefore, a need exists for the
development of accurate, reliable and efficient thermal models for on-line and post-processing
applications. Since these errors accumulate with time, positional accuracy degrades if thermal
variations for both accelerometer and gyroscope biases, as well as scale factors are not modeled
and compensated for (Shcheglov et al. 2000).
4.3.1 Temperature Profile of Directionally Drilled Wells
During the drilling process, for either oil or gas, cuttings are carried by the drilling fluid in the
annulus and transported out borehole. Heat generated by this mechanical and hydraulic friction is
then transferred, by a process called advection, along the borehole and exchanged into the
surrounding formation through conduction, as a result, adjacent and nearby rocks are heated,
leading to a change in wellbore temperature. A semi-analytical temperature model, among others,
was presented by Nguyen (2009) for predicting temperature profiles in directional wells.
According to this method, a temperature profile can be modeled as the function of MD along a
trajectory once the drilling plan is determined. As such, temperature-induced inertial sensor errors
can then be correspondingly generated.
Thus, wellbore temperature profiles can be used in a temperature-induced MEMS sensor error
model to simulate the corresponding errors. A revised model can be built as:

T  CT 1  TVD  CT 2  TVD ,

(4.1)
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Where, (TVD) is the true vertical depth while ( CT 1 ) and ( CT 2 ) are the coefficients with respect to
true vertical depth and true vertical depth change.
4.3.2 Temperature-induced Error Model for MEMS Gyroscopes
With a shift in temperature, there are resulting changes in the microstructure of MEMS gyroscopes
and these are of mainly two kinds: a change in size and a change in the material’s elastic modulus.
Change in size associated with temperature has little effect on gyroscope performance, but an
alteration in the elastic modulus, does. Elastic modulus changes affects a system’s stiffness,
resulting in a change in the resonant frequency of the gyroscope, subsequently leading to a resonant
frequency drift. Elastic modulus varies with temperature linearly as follows (Zhang et al. 2009):

E(T )  E0  E0 K ET (T  T0 ) ,

(4.2)

Where, ( E (T ) ) and ( E0 ) are elastic modulus for the silicon material temperature (T) and (T0),
respectively.
System stiffness is proportional to elastic modulus (Zhang et al. 2009):

K  K0 [1  K ET (T  T0 )] ,

(4.3)

Where, (K) and (K0) are system stiffness at temperature (T) and (T0), respectively.
The relationship between the resonant frequency of a gyroscope to its temperature is as follows
(Zhang et al. 2009):

n (T )  K / m  K 0 [1  K ET (T  T0 )] ,

(4.4)

Where,( n (T ) ) is resonant frequency of gyroscope at temperature (T).

Correspondingly, the driven mode and test mode also alter because of changes in resonant
frequency. The output of driven axis can be obtained via:
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y (t ) 

F
(n21  c2 ) 2  (n1c / Q) 2

sin[c t  tan 1

n1c
],
Q(n21  c2 )

(4.5)

Where (y(t)) is output of driven axis and (F) is the driven force.
Changes to y(t) result in a change in the gyroscope’s output, and this provides a basic outline of
the impact ambient temperature change affects MEMS gyroscope output.
The topic is widely researched (Zhang et al. 2009; Yuksel et al. 2010) and empirical models created
with respect to temperature, such as two-order polynomial form or piece wise curve fitting, are
quite common and achieve respectable results. Outside of this, however, hysteresis phenomena
has also been observed when temperature testing MEMS sensors highlighting the fact that the rate
of temperature change (or temperature gradient) should also be considered as an input parameter
in any error model.
Therefore, the following model is used to represent bias output error with respect to environmental
temperature:

T  agT T  bgT T 2  cgT T ,

(4.6)

Where, ( T ) represents temperature-induced bias error, while ( a gT ), ( bgT ) and ( cgT ) are
corresponding coefficients, respectively.
Temperature-induced scale factor errors and temperature-induced misalignment errors do also
exist, however, when compared to bias errors, they are relatively negligible and are therefore not
considered in the model within this thesis.
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4.3.3 Temperature-induced Error Model for MEMS Accelerometers
As environmental or ambient temperature changes influence MEMS accelerometer output as well,
an empirical error model similar to Equation (4.6) is used to represent the resulting bias error as
follows:

 aT  aaT T  baT T 2  caT T ,
Where, (  aT ) represents temperature-induced bias error, while ( aaT ), ( baT ) and ( caT ) are

(4.7)

corresponding coefficients, respectively.
Much like in MEMS gyroscopes, temperature-induced scale factor errors and temperature-induced
misalignment errors, also exist, but again, because of their relative un-importance, they are not
considered in this model.
4.4 Vibration impact and Modeling of MEMS Sensors
4.4.1 Vibration and Its Impact
Mechanical vibration refers to the sustained oscillatory motion over a reasonably long time relative
to the settling time of a device (Akinniranye et al. 2007). Vibration can manifest itself in narrowband response, as observed in the simple harmonic response of rotating machinery, all the way to
wide-band (or broad-band) response as that may follow shortly after an impact event (Larsen
2014). As well drilling has become increasingly challenging, especially when attempted in hard or
taxing conditions, serious damage is always a risk because of drill string vibrations. Shock and
vibration are regularly identified as a cause of premature failure on drill bits and components in
bottom hole assemblies (BHAs) (Abedrabbo et al. 2015). Therefore, understanding and mitigating
downhole vibrations has become a primary concern in the industry. Drill string vibrations can be
separated into three different types: axial, torsional, and lateral, all generated by different sources
and causing different types of problems with varying severity, and exacerbated through the
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combination and interactions of these vibration types. Not surprisingly, measures are often taken
to identify and mitigate downhole vibrations in industry, and beyond merely drill string
ramifications, for MEMS inertial sensors, vibration induces a number of errors, especially for
MEMS gyroscopes by generating device output as the result of undesirable dynamics.
4.4.2 Vibration-induced Error Modeling for MEMS Gyroscopes
Vibration-induced MEMS gyroscope output errors can be broadly categorized as one of two types:
(1) false output, or (2) sensitivity change. False outputs arise when a MEMS device responds to
vibration by generating output in the absence of target input. The sensitivity change, occurring in
the presence of the target input, changes the scale factor between the input and output. The total
output of the device is due to target input in addition to the unwanted vibration.
To examine the effect of vibration on MEMS gyroscopes, a vibration equation considering the
Coriolis Effect is proposed in order to demonstrate why, and how, vibration influences
performance, then, an empirical model is put forward to represent vibration-induced error.
4.4.2.1 How vibration affects the performance of the MEMS gyroscope
The commonly-used, tuning-fork, vibratory MEMS gyroscope, shown schematically in Figure 42, provides a convenient example of how vibration affects MEMS gyroscope output. Fabricated
by bulk silicon micromachining procedures, this kind of MEMS gyroscope is designed with a
symmetrical structure consisting of two driving masses attached by a connection ring. Each driving
mass is anchored on a glass substrate by four spring-beams, and each oscillating mass (or detecting
mass) with bar structure electrodes is connected to the surrounding driving mass by two suspension
beams. The bar structure electrodes and fixed comb-finger electrodes on the glass substrate,
together form the detection capacitors. The silicon surface is covered by an insulation layer, where
aluminum is deposited and patterned to form driving-wires on central spring-beams.
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Figure 4-2 Schematic structure of the tuning fork micro-machined gyroscope (adopted
from: David 2004).
Under a magnetic field in the Z direction, Lorentz force generated by an AC current running
through the driving wires, induces the oscillating frames to vibrate in out-of-phase mode along the
X direction, known as the driving mode of the MEMS gyroscope. As an angular rate around the Z
direction is applied, the two detecting masses move along the Y direction, known as the sensing
or detecting mode, because of a Coriolis force. The resulting capacitance change between bar
structure masses and fixed electrodes can then be sensed differentially, and so the angular rate is
measured and the Y direction acceleration is cancelled out. Every individual bar and its two
corresponding electrodes underneath, comprise two differential capacitors. Therefore, the sum of
all capacitors is the total sensing capacitance. Given this, any external factors potentially causing
unwanted sensing capacitance will therefore cause output errors for MEMS gyroscopes.
Furthermore, G-dependence error also requires addressing, as it is considered a special case of
vibration-induced error. Therefore, two types of errors are discussed below: G-dependence and
vibration-induced.
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4.4.2.2 G-Dependence error of MEMS Gyroscopes
Differing from traditional high-quality gyroscopes such as fiber optical gyroscopes (FOGs) or ring
laser gyroscopes (RLGs), MEMS gyroscopes generally have a very significant G-dependence
characteristic. This can be verified using research done by Yuksel et al. ( 2010) demonstrating that
a six-position test can be used for estimating the G-dependence coefficients of gyroscopes, where
the sensor orientation significantly affecting sensor output is visible. A general model related to
G-dependence can be built as:

G  cG  f ,

(4.8)

Where ( G ) denotes G-dependence quantity in contribution to bias, while ( cG ) represents
corresponding G-dependence coefficient and ( f ) is the specific direction of the gyroscope’s
sensing axis.
4.4.2.3 Vibration-induced Errors Modelling
Generally, external vibration results in additional signal input and therefore affects the output of
MEMS gyroscopes. However, it is difficult to model the exact relationship between a vibration
and the affected output for several reasons. Firstly, different gyroscopes possess different dynamic
equations which are simplified in order to be descriptive, meaning the equations are not accurate
and so may result in different expressions, and therefore, it is impossible to build a generalized
model for different cases. Secondly, input vibration is difficult to obtain accurately and efficiently.
Even with a MEMS gyroscope, several vibration sensors are likely required in a variety of
positions in order to sense external vibration – often an impracticality with respect to cost and
complexity. And finally, external vibration can show different kinds of characteristics in terms of
frequencies, amplitudes, durations, etc.. Typically, any ‘real’ vibration is composed of most, or all,
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of the above characteristics, therefore, it is nearly impossible to build an accurate model to bridge
the discrepancies between external vibration and its corresponding induced error. However, by
examining the output error in isolation, most errors can be attributed to bias errors and noise,
therefore, the following two equations can be used to map external vibration and related errors:

Vib  cV V ,

(4.9)

 ErrorVib  Vib  nV V ,

(4.10)

Where ( Vib ) denotes vibration-induced error in contribution to bias, while ( cV ) represents
corresponding coefficient and ( V ) is the vibration quantity (amplitude and frequency); ( nV ) is the
coefficient to enlarge noise because of V and (  ErrorVib ) is the whole error with respect to external
vibration.

4.4.3 Vibration-induced Error for MEMS Accelerometers
Because, as their name suggests, accelerometers are designed for detecting accelerations, external
vibration should, theoretically, not corrupt their output, as has been verified by multiple studies
(Shcheglov et al. 2000; El-Diasty et al. 2006). Though some studies have demonstrated the
performance of accelerometers may be degenerated by external vibration (Yuksel 2010), vibration
effects on MEMS accelerometers are not dealt with in this thesis because vibrations are, in fact,
the target input accelerometers are designed to measure.
4.5 Shock and its Impact
Shock is a large impulsive force acting over a very short period of time. Shocks are common while
drilling and result from the impact of the drill bit while cutting into hard formation (Thomson
1965). The drilling process generates many different types of shocks, characterized in terms of:
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Magnitude, the deceleration undergone by the tool as it impacts the borehole



Duration, the length of time covered by shock event



Frequency, the number of times the tool experiences a shock over a specific period of time

While mechanical vibrations can generate unwanted device output, shocks can permanently
damage device structures, therefore, mitigating damage is of paramount importance. MEMS
inertial sensors must sustain the high shocks and regain their performance after shock dissipation.
In industry, sensors must be properly assessed, ensuring they are capable of withstanding shock,
especially for drilling applications, and so it is an industry standard to test and certify any proposed
electronics or sensors used.
The Shock Survivability Test was created at a testing facility located in Houston, Texas with a
MEMS IMU, developed by members of the Mobile Multi-sensor Research Group from the
University of Calgary (ElGizawy 2009; El-Sheimy and Niu 2007). The IMU consists of three
MEMS gyroscopes (ADXRS150) and three MEMS accelerometers (ADXL105) manufactured by
Analog Devices Inc.. MEMS sensors were exposed to severe shock forces of 1400 G over 0.017
S at a frequency of 3400 vibrations per minute (vpm) for four hours. The sensors remained fully
functional at the end of this test indicated that these MEMS sensors were qualified to be used in
drilling applications (ElGizawy 2009).
4.6 Implementation for MEMS Sensor Error Modeling
Based on the models built Section 4.2, Section 4.3 and Section 4.4, an implementation has been
made using software Matlab to generate IMU raw data. In Figure 4-3, a gyroscope error budget
box and an accelerometer error budget box can be seen, and these include the sensor errors listed
in Figure 4-3. The initial ambient temperature, temperature gradient and vibration amplitude can
be manually established.
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Figure 4-3 IMU raw data generation interface.
Using a Type 2 trajectory with a drilling speed of 2 as an example, seen in Figure 4-4, error-free
IMU raw data, added IMU error data, and actual IMU raw data were generated and shown in
Figure 4-5, Figure 4-6 and Figure 4-7, respectively.
Thus far, the MEMS inertial sensor models have been modeled, and simulated IMU data can be
generated by designating the coefficients in the error model.

Figure 4-4 Type 2 trajectory with speed 2.
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Figure 4-5 Error-free IMU data.

Figure 4-6 Added IMU error.

Figure 4-7 Actual IMU raw data.
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4.7 Summary
This chapter discusses a MEMS inertial sensor error source and modeling method. At the outset,
drilling-induced harsh environmental factors, including high temperature, vibration, and shock,
were examined. After introducing a simplified model in order to build the temperature profile for
directional wells, a temperature-induced MEMS sensor error was modeled. This was followed by
an analysis of vibrational effects on MEMS gyroscope output, and a corresponding error model
was built with respect to bias and noise. Shock survivability was also discussed for MEMS inertial
sensors under drilling conditions, and tests proved that the MEMS IMU is qualified for use in
drilling activity. Finally, implementation was made to simulate IMU raw data with all
environment-induced errors, discussed above.
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CHAPTER 5: LOW-COST, MEMS-BASED MWD SIMULATION PLATFORM BASED
ON UKF TECHNIQUE
This chapter covers the implementation of the simulation platform as well as the results of the
proposal presented herein. First, the simulation platform framework is presented and the structure
of the three-level program is illustrated. Then the functional modules and the implementation
method of the simulation platform are demonstrated. There are several modules, and they include
a trajectory, IMU raw data, external measurements, initial alignment, UKF, and output varieties.
Experiments conducted thereafter employ different drilling scenarios with respect to hard and soft
formations for Type 2 wellbore trajectories, and interruptions in communication, preventing the
acquisition of external measurements, are also considered in order to assess the system’s
performance without updating during interruptions. Discussions are presented and comparisons
between UKF and EKF are made, and finally a summary is presented at the conclusion of the
chapter in the last section.
5.1 Framework of Simulation Platform
To evaluate the MEMS inertial sensor-based SINS proposal operations for drilling applications, a
simulation platform was developed. In general terms, the platform is composed of three different
levels: user-interface, algorithm, and output, illustrated in Figure 5-1, and this structure is also
capable of incorporating additional functional modules when necessary. At the user-interface level,
users specify parameters for determining the type of wellbore trajectory needed; the amount of
error to include in IMU raw data; the types of available external sources, and; the accuracy of these
sources. Having established the parameters, the next stage, involving the core algorithm of the
platform, implements these parameters in order to perform an initialization, and the subsequent
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processing work in order to obtain solutions, as needed, for the system. The final output stage
provides the processed results, shown in different ways, such as with, graphs and statistics (RMS).
User-interface Level





Trajectory parameters input
Sensor errors input
External information input
...

Algorithm Level






Trajectory generator module
IMU raw data generator module
SINS mechanization module
UKF data fusion module
...

Output Level





Position errors
Attitude errors
Graphs & statistics
...

Figure 5-1 Structure of the simulation platform.
5.2 Functional Modules and Implementation
5.2.1 Trajectory Generation Module
A directional drilling mission can be simulated for typical wellbore path requiring different
dynamics by selecting the specified parameters needed by the trajectory, as discussed in Chapter
3. In this module, different wellbore profiles are stipulated by selecting different options and
specifying their corresponding parameters. For example, for generating a Type 2 (build, hold and
drop) trajectory, the appropriate parameters are:


surface coordinate (︒,︒,m)
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target coordinate (︒,︒,m)



TVD of target (m)



TVD of kick-off point (KOP) (m)



TVD of Drop-starting-point (m)



TVD of Drop-ending-point (m)



Build-up-rate (︒/30 m)



Drop-off-rate (︒/30 m)



Inclination of build (︒)



Inclination of drop (︒)

Figure 5-2 illustrates a directional Type 2 wellbore trajectory, as defined by the above-listed
parameters, and the dynamics vary at different speeds. The simulation platform has three speed
options: 1, 2 and, 3, with dynamics increasing at higher numbers. The same process is completed
to simulate other types of wellbore profiles by defining the different parameters required. Figure
5-3 shows Type 1 and Type 3 wellbore trajectories generated by the proposed trajectory generation
module.
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Figure 5-2 A Type 2 wellbore trajectory at speed 3.

Figure 5-3 Type 1 and Type 3 wellbore trajectories.
5.2.2 IMU Raw Data Generation Module
Within this section, there are two sub-modules: 1) the generation of two ideal sensor data,
involving angular velocity, measured by an error-free 3-axis rate gyro, and linear acceleration,
measured by an error-free 3-axis accelerometer. Error-free IMU data is generated from the
generated trajectory, an output of the trajectory generation module. Therefore, generated IMU raw
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data does not contain measurement errors, which must be actively introduced by modeling the
behavior of the actual sensors, and these errors inherently introduce the necessity of using a
navigation filter, such as Kalman filtering, and; 2) the sensor error module, discussed previously
in Chapter 4, taking into account the bias parameter, scale factor, random noise level, as well as
vibration-induced and temperature-induced errors for accelerometers and gyroscopes. The
execution of the IMU raw data generation module uses the equations found in Chapter 3, Section
3.4, as well as the error models discussed in Chapter 4. Altogether, the IMU raw data generation
module outputs the perturbed acceleration and angular velocity, and the error model of the sensor
uses the interface shown below in Figure 5-4, allowing the user to set up the model with the
necessary parameters.

Figure 5-4 IMU error model interface.
5.2.3 Initial Alignment
According to the inertial navigation mechanization, inertial navigation is a form of “deadreckoning” relying on accelerometers and gyroscopes to detect acceleration and velocity,
respectively, along three perpendicular axes. Thereafter, three dimensional position, velocity and
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attitude can be determined in relation to a known starting point, velocity and orientation, and also
monitored for change. For drilling missions, the starting point and initial velocity are relatively
simple to determine when compared to obtaining the orientation. An initial alignment is needed to
determine the attitudes of the system at the starting point, and this process is vital to the inertial
navigation system, as poor initial alignment accuracy leads to poor navigation results (Savage
1998).
There are two ways to establish initial alignment, through self-alignment or aided alignment using
a magnetometer – if a magnetometer is available. If no external attitude measurements are
available, self-alignment is appropriate and accomplished using sensor measurements in a twostep process: 1) coarse alignment, and; 2) fine alignment. For a coarse alignment, the goal is to
calculate DCM by using the sensors’ output in a stationary state, i.e. the inputs are gravity and the
Earth’s rotation.
For self-alignment, the same two coarse and fine alignment steps are required (Reddy and Murray,
1991). The purpose of a coarse alignment algorithm is to acquire a rough estimation of attitude, in
order to provide a relatively accurate initial condition for subsequent ﬁne alignment processing.
Assuming that ( g n ) and ( ie ) are the gravity vector and Earth rotation vector in navigation frame,
n

n
n
respectively, three more vectors can be generated by vector cross product as: g  ie ,

( g n  ien )  g n and ien  ( g n  ien ) as shown in Figure 5-5. There are a variety of methods to
accomplish coarse alignment based on a multitude of possible combinations of alignment-basis
vectors. Among these methods,  g n

g n  ien

( g n  ien )  g n  is generally used to obtain the most

accurate alignment (Zhao et al. 2011), and this accuracy is determined with the following
equations:
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E 

 bN ,

(5.1)

g

N  

 bE ,

(5.2)

U  

 bE
 dE
tan  
,
g
ie cos 

(5.3)

g

Where, (  bN ) and (  bE ) are the equivalent accelerometer bias errors in the north and east axes,
respectively; while (  d E ) refers to the equivalent gyro drift error in the east axis. Typically,
and

E

N are much smaller than U because gravity (g) is much stronger, relatively speaking, than

the Earth’s rotation rate ( ie ).
When beginning a borehole, the drill bit points down, almost perfectly vertical, until it reaches the
kick-off point (KOP). Therefore, the x and z axes are approximated in the horizontal plane while
the y axis (along the drill bit) is downward, and based on the body frame definition in Figure 2-9
in Chapter 2 Section 2.2. From this, when doing the initial alignment, the coarse alignment can be
determined, and using these results, the fine alignment process can proceed. By changing the
system matrix of the error model in SINS, the multi-position alignment method can improve the
observability of the initial alignment system, implement the estimation of random constant errors
of inertial instruments, and enhance the convergence speed and accuracy of the SINS initial
alignment (Lee et al., 1993; Qian 2009). The two-position alignment method is the more
commonly-used multi-position method and is implemented at the starting point by rotating the tool
face angle 180o. By introducing the second position to improve system observability, this method
improves the accuracy of the initial alignment (Lee et al. 1993; Qian 2009).
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5.2.4 SINS Mechanization Module
The SINS mechanization algorithm has been well-discussed and examined in the literature (ElSheimy 2015; Savage 1998; Noureldin 2012). It is implemented to solve continuous navigation
parameters, and uses the SINS mechanization Equation (2.4) described in Chapter 2, Section 2.2.
This module has been implemented according to the block diagram of Figure 2-5.
5.2.5 External Measurement Information
There are two types of operating modes for the drilling process: stationary and drilling. In
stationary mode, available external measurements include: position obtained by MCM, zero
velocity, and magnetometer measurement during stationary periods. For continuous drilling mode,
the available external measurements include: position obtained by MCM, and velocity along the
drilling axis, obtained from the length change of MD.
 Coordinate Update (CUPT) based on MCM
For a MCM update, the Equation (3.1) and Equations (3.3)-(3.5) are used. There are two different
methods to do CUPT based on MCM: 1) by adding pipes regularly at specific stops (survey stations)
every 30 meters. In this instance, MD is known and concurrent inclination can be obtained from
accelerometers, and azimuth can be determined using magnetometers. Coordinates for the final
station can be calculated by MCM using the Equation (3.1) and Equations (3.3)-(3.5) with knowing
the coordinates of the previously-known station, and therefore, the coordinates of every survey
station become known. Any position errors for each surveying station using MCM tend to be quite
small (less than 0.1 m) (Bourgoyne et al. 1991), or; 2) by manipulating the trajectory between two
survey stations. In this case, with the known coordinates, inclination and azimuth of the drill bit at
the previous station, the coordinates of the current point of the drill bit can be calculated with
MCM by using the inclination and azimuth solved from SINS, and CUPT can be done afterwards.
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However, the inclination and azimuth are calculated by SINS mechanization equations and drift
with time, therefore, if the period between two survey stations is too long, CUPT based on MCM
is often less reliable.
 Velocity Update
For velocity update, the forward velocity along the drill bit axis is used. The magnitude of forward
velocity along the drilling direction is calculated as:

z  V _ F  (MDk 1  MDk ) / dt ,

(5.4)

Where, ( z  V _ F ) is the forward velocity along the drilling axis, and ( MDk 1 ) and ( MDk ) are the
measured depths of time (k+1) and time (k), respectively and ( dt ) is the data collection time
interval.
There are two ways of using V _ F to do updates: 1) by using the magnitude of V _ F compared
the overall velocity magnitude solved by SINS, and so using the difference to do the updates. So,
in this case,

V _ INS  VN 2  VE 2  VD 2 ,

(5.5)

dz  V _ F  V _ INS ,

(5.6)

Where, ( V _ INS ) is the velocity magnitude of the INS solution while ( dz ) is the measurement
difference. ( VN ), ( VE ) and ( VD ) are the velocity solution of INS in the north, east, and (downward)
vertical directions, respectively, or; 2) by using V _ F and the zero velocities of the other two
directions in the body frame, and so the measurement is:
z  0 V _ F

0   0 ( MDk 1  MDk ) / dt
T

0 ,
T

89

(5.7)

dz  Cbn z  V N V E V D 

T

 C  0 ( MDk 1  MDk ) / dt 0  V N V E V D 
T

n
b

T

,

(5.8)

Where, ( z ) is the measurement and ( V _ INS ) is the velocity magnitude of the INS solution, (dz)
is the measurement difference, and again ( VN ), ( VE ) and ( VD ) are the velocity solutions of INS,
as above.
From Equations (5.4) to (5.8), the similarity of the update process to odometer updating in land
vehicle applications, becomes evident. By using UKF, linearizing the measurement model listed
either in Equation (5.6) or in Equation (5.8) is unnecessary. However, linearization work must be
done if EKF is used to fuse all the measurements together.
 Azimuth Update
For the azimuth update, the process is equally simple. Using the magnetometer, the measurement
for the azimuth is obtained, and an update can be done for acquiring a better solution of the
integrated system.

dz  AMAG  AINS ,

(5.9)

Where, as above, ( dz ) is the measurement difference, while ( AMAG ) and ( AINS ) are the azimuth
solutions obtained from magnetometer and INS, respectively.
 Zero Velocity Update (ZUPT)
And finally, the ZUPT update, where measurements are the zero velocities in three dimensions.
dz   0 0 0  V
T

N

V

E

V



T

D

,

(5.10)

An interface in the simulation platform specifying the accuracy of external measurements also
exists. For zero velocity, the root mean square (RMS) value can be set according to the actual
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situation of the stationary state. To calculate the positional accuracy by MCM, the interface is not
directly specified because the above measurement is calculated from MD. Therefore, the accuracy
of the MD is specified and the corresponding accuracy of the MCM-derived position can be
calculated. Assuming the standard deviation of MD is

  , the corresponding standard deviation

of north, east and height calculated by MCM would be

1
(sin 1 cos 1  sin  2 cos 2 )  RF    ,
2

1
1
(sin 1 sin 1  sin  2 sin 2 )  RF    and
(cos 1  cos  2 )  RF    , respectively, by using
2
2

Equation (3.3), and

RF can be obtained from Equation (3.4) or (3.5) from Chapter 3, Section 3.2.

Meanwhile, the accuracy of velocity calculated from the length change of MD can be organized
in the following way: for the longitudinal component, accuracy can be calculated from   ; or the
lateral components, and the values can be fixed according to drilling dynamics because the speeds
in the lateral plane are all zero.
5.2.6 Data Fusion Method based on UKF
A navigation filter, UKF, is used to better estimate the navigation solution of the model, since
many types of errors potentially affect navigation equations. To fuse SINS solutions, UKF is
deployed, along with available external measurements, in order to arrive at the optimal solution.
The entire block diagram of the simulation platform is shown in Figure 5-5. Trading off between
computational burden and performance, the vector state, consisting of 15 states, was chosen in the
implementation of UKF as: x m    h ve
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Figure 5-5 Block diagram of simulation platform.
5.3 Experiments
In order to verify the proposed method, experiments considering different scenarios have been
implemented using the simulation platform. To begin, simulation parameters were established with
respect to IMU sensor errors (the residual errors after calibration and compensation), initialization
errors and external available measurements, including MD, zero velocity and azimuth from
magnetometers, all outlined in Tables 5-1, 5-2 and 5-3. The IMU error set up is identical to that
from a typical MEMS product: STIM 300.
Table 5-1 IMU Error Budget
Gyro Bias
Gyro Scale Factor
Gyro Angle Random Walk
G Sensitivity (Residual)
Gyro Vibration Index cV (Residual)

4 d/h
300 ppm
1.5 d/sqrt(h)
5 d/h/(g)
1 d/h/(m/s^2)

Gyro Temperature Index

agT (Residual)

0.04 d/h/(°C)

Gyro Temperature Index

bgT (Residual)

0.04 d/h/(°C)^2
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Gyro Temperature Index

0.04 d/h/(°C/s)

cgT (Residual)

Accelerometer Bias
Accelerometer Scale Factor
Accelerometer Velocity Random Walk
Accelerometer Temperature Index aaT (Residual)

0.75 mg
300 ppm
60 ug/sqrt(Hz)
10 ug /(°C)

Accelerometer Temperature Index baT (Residual)

10 ug /(°C)^2

Accelerometer Temperature Index caT (Residual)

10 ug /(°C/s)

Table 5-2 Initial Navigation Errors
Parameter
Position Errors (m)
Velocity Errors (m/s)
Attitude Errors (pitch, roll, heading)

Value
(0.2,0.2,0.2)
(0,0,0)
Self-Alignment + Heading Update

Table 5-3 Accuracy of External Aiding Information
Parameter
MD (m)
ZUPT (m/s)
Heading update (deg)

Value (1 σ)
0.2
(0.01,0.01,0.01)
1

During drilling, because speed varies depending on the ambient conditions, faster in soft
formations and slow in hard formations, two drilling speeds were considered in the simulations in
order to verify the method’s effectiveness in different scenarios. With the three types of
trajectories, because Type 2 can include Type 1 or 3, it was selected for verifying the proposed
algorithm using the parameters set up in Table 5-4, as shown in Figure 5-6. Within this trajectory,
survey stations are positioned every 30 meters of drilling depth/MD, and the drill bit is considered
in a stationary state when stopped at a station. In total, there are 27 stations (including the starting
point and the target), and while at these stations, ZUPT, MCM update and azimuth (obtained from
magnetometers) updates are assumed to be available.
Table 5-4 Main Parameters to Design Type 2 Wellbore Trajectory
Parameters
Surface coordinate (︒,︒,m)
Target coordinate (︒,︒,m)
TVD of target (m)

(51.2123︒, -114.0248︒, 1119 m)
(51.0841︒, -114.1339︒,511.94 m)
607.06
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TVD of KOP (m)
Build-up-rate (︒/30 m)
TVD of Drop-starting-point (m)
Drop-off-rate (︒/30 m)
Inclination of build (︒)
Inclination of drop (︒)

29.54
2.8
357.74
2.8
50
40

Figure 5-6 Wellbore trajectory generated in the simulation.

5.3.1 Experiments with Low Drilling Speed
A low drilling speed of 0.1 m/s was used to complete the drilling mission for the wellbore
trajectory. Generated error-free IMU data is shown in Figure 5-7, and Figure 5-8 illustrates
contaminated IMU data with bias, scale factor, random walk, vibration-induced, and temperatureinduced errors.
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Figure 5-7 Error-free IMU data for low speed drilling.

Figure 5-8 Contaminated IMU raw data for low speed drilling.
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5.3.1.1 Case 1: With Normal External Updates during the Drilling Process
All external measurements are obtained normally in this case and can be used to constrain the drifts
in the system. In drilling mode, continuous CUPTs based on MCM, and velocity updates calculated
from the change of MD over time, are implemented. While in stationary mode at each station,
ZUPTs, CUPTs based on MCM and azimuth updates from magnetometers, are applied. North, east
and altitude position errors derived by UKF during the drilling test, were obtained through a
comparison with the reference positions. Similarly, velocity and attitude errors derived by UKF
during the drilling test were obtained through a comparison with the reference velocity and
attitude. Solutions are shown in Figure 5-9 to Figure 5-14 with respect to position, velocity and
attitude.

Figure 5-9 Position result of the system.
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Figure 5-10 Position errors.

Figure 5-11 Velocity result of the system.
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Figure 5-12 Velocity errors.

Figure 5-13 Attitude result of the system.
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Figure 5-14 Attitude errors.

5.3.1.2 Case 2: Case 1 with communication interruptions
In Case 1, drilled pipe length and the drill bit penetration rate are used as the external
measurements, and are transmitted through wire or wireless communication between ground
computer and the underground MWD tool. However, because communication can be interrupted,
and so the transmission of MD information to the MWD tool installed nearby is then interrupted,
CUPT based on MCM cannot be implemented. This also affects the velocity updates based on the
length change of MD over time.
Therefore, Case 2 simulates a communication interruption scenario of Case 1, where external
information is unavailable. The communication interruptions are listed in Table 5-5.
Table 5-5 Communication Interruptions Setup
Number

Starting Time (S)

Ending Time
(S)

1

2000

2060

99

2
3
4
5
6

3400
6000
7100
9000
11000

3460
6060
7160
9060
11060

Similarly, the inertial sensor measurements were processed by UKF with external measurements,
and interruptions. North, east and altitude position errors derived by UKF during the drilling test
were obtained by comparisons with reference positions, and the same was done for UKF-derived
errors in velocity and attitude. Solutions with respect to position, velocity and attitude are shown
in Figures 5-15 to 5-20.

Figure 5-15 Position result of the system.

100

Figure 5-16 Position errors.

Figure 5-17 Velocity result of the system.
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Figure 5-18 Velocity errors.

Figure 5-19 Attitude result of the system.
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Figure 5-20 Attitude errors.
5.3.1.3 Discussion
Position errors: In Case 1, RMS position errors of 0.0687 m, 0.061 m and 0.093 m, were observed
over the entire drilling test in the north, east and altitude directions, respectively. While there are
measurement interruptions when position and velocity updates are not available, the navigation
solution errors grew, as Case 2 shows. Correspondingly, RMS errors of 1.68 m, 2.60 m and 1.35
m were also observed during the tests along the north, east, and altitude directions, respectively.
What is evident is the speed at which errors grow during measurement interruptions, though errors
are corrected once measurements become available again. The maximum position error could be
more than 40 meters, a distance greater than the MD distance between two survey stations, and so,
this margin is obviously totally unacceptable. Communication interruptions lasting only 60
seconds can result in significant accuracy degradation, highlighting the importance of the
reliability of communication between the ground control computer and the downhole MWD tool
for the presented low-cost MEMS-based MWD system in this thesis.
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Velocity errors: Velocities in the north, east and vertical axes of the drill bit during the drilling
test were obtained for the two simulated cases. In Case 1, the RMS velocity errors of 0.011 m/s,
0.012 m/s, and 0.014 m/s were observed along the north, east, and vertical, respectively. While
there are measurement interruptions when position and velocity updates are unavailable, velocity
errors were larger, as shown in Case 2. Correspondingly, RMS velocity errors of 0.08 m/s, 0.11
m/s, and 0.06 m/s were observed along the north, east, and vertical axes, respectively. The
maximum velocity error could potential reach 2 m/s, because of the rapid drift of the MEM-based
SINS solution during communication interruptions caused by the gap in external measurement
information.
Attitude errors: Inclination, toolface angle and azimuth errors of the drill bit during the test were
also obtained for the two cases. In Case 1, RMS attitude errors of 0.023°, 0.083°, and 0.25° were
observed for inclination, toolface and azimuth, respectively. While there are measurement
interruptions when position and velocity updates are unavailable, the navigation solution errors
increased, as outlined in Case 2. Correspondingly, RMS errors of 0.37°, 0.78°, and 1.52° were
observed for inclination, toolface and azimuth, respectively.
Among attitude errors, heading errors always maintain the biggest amplitudes within the three
attitudes. When heading measurements are available, heading error is corrected. During the test
period, the inclination and toolface angle errors were smaller than the azimuth error, this is caused
by the inclination and toolface angle being observable because of continuous velocity updates. The
coupling relationship between the east velocity error and the toolface angle error, and the coupling
relationship between the north velocity error and the pitch error, are both very strong (El-Sheimy
2015).
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5.3.2 Experiments with High Environmental Dynamics
A high drilling speed of 0.2 m/s was also used to complete the drilling mission for the wellbore
trajectory, and the subsequent generated error-free IMU data is shown in Figure 5-21, while Figure
5-22 illustrates the corrupted IMU data with bias, scale factor, random walk, vibration-induced
and temperature-induced errors.

Figure 5-21 Error-free IMU data for high speed drilling.
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Figure 5-22 Contaminated IMU raw data for high speed drilling.

5.3.2.1 Case 3: With Normal External Updates during the Drilling Process
As in Case 1, all external measurements are obtained normally and can be used to constrain the
drifts in the system. In drilling mode, continuous CUPTs based on MCM and velocity updates
calculated from the change of MD over time, are implemented. While in stationary mode, at each
surveying station, ZUPTs, CUPTs based on MCM, and azimuth updates from magnetometers are
applied. North, east and altitude position errors derived by UKF during the test, were obtained by
comparing them to the reference positions. Similarly, velocity and attitude errors derived by UKF
during the test were also obtained by comparison to the reference attitude. The solutions are shown
in Figure 5-23 to 5-28, with respect to position, velocity and attitude.
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Figure 5-23 Position result of the system.

Figure 5-24 Position errors.
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Figure 5-25 Velocity result of the system.

Figure 5-26 Velocity errors.
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Figure 5-27 Attitude result of the system.

Figure 5-28 Attitude errors.
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5.3.2.2 Case 4: Case 3 with communication interruptions
Much like in Case 2, Case 4 simulated communication interruptions of Case 3. During the period
of interruptions, external information is unavailable, and these communication interruptions are
listed in Table 5-6.
Table 5-6 Communication Interruptions Setup
Number

Starting Time (S)

1
2
3
4
5
6

1200
2600
3700
4800
6000
7100

Ending Time
(S)
1260
2660
3760
4860
6060
7160

Similarly, the inertial sensor measurements were processed by UKF with external measurements,
and interruptions. North, east and altitude position errors derived by UKF during the drilling test
were obtained by comparisons with reference positions, and the same was done for UKF-derived
errors in velocity and attitude. Solutions with respect to position, velocity and attitude are shown
in Figures 5-29 to 5-34.
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Figure 5-29 Position result of the system.

Figure 5-30 Position errors.
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Figure 5-31 Velocity result of the system.

Figure 5-32 Velocity errors.
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Figure 5-33 Attitude result of the system.

Figure 5-34 Attitude errors.
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5.3.2.3 Discussion
For Cases 3 and 4, the inertial sensor measurements were processed by UKF with continuous
position and velocity updates, with occasional interruptions in the simulation, as well as periodic
ZUPT and heading measurements. North, east and altitude position errors derived by UKF during
the test were obtained through a comparison to the reference positions. Similarly, attitude errors
derived by UKF during the drilling test were obtained by comparing them to the reference attitude.
Position errors: For Case 3, RMS position errors of 0.052 m, 0.068 m, and 0.12 m were observed
during the tests along the north, east, and altitude directions, respectively. While there are
measurement interruptions when position and velocity updates are not available, the navigation
solution errors grew, as demonstrated in Case 4. Correspondingly, RMS errors of 1.92 m, 2.47 m,
and 2.54 m were observed along the north, east, and altitude directions, respectively. Errors grow
very fast during measurement interruptions, and once errors were corrected, as measurements
became available again, CUPT based on MCM, proceeded.
Velocity errors: Velocities in the north, east and vertical axes of the drill bit during the test were
obtained for two different cases. For Case 3, during the velocity test, RMS velocity errors of 0.014
m/s, 0.016 m/s, and 0.017 m/s were observed along the north, east, and vertical axes, respectively.
As has been observed previously, there are measurement interruptions when position and velocity
updates are not available, and velocity errors grew, as seen in Case 4. RMS errors of 0.11 m/s,
0.14 m/s, and 0.14 m/s were observed along the north, east, and vertical axes, respectively, and a
maximum velocity error could potentially reach 2 m/s because the rapid drift of MEMS-based
SINS solution during communication interruptions results in external measurements being
unavailable.
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Attitude errors: Inclination, toolface angle and azimuth errors of the drill bit during the test were
obtained for the two cases in this section. For Case 3, RMS attitude errors of 0.11°, 0.11°, and
0.22° were observed for inclination, toolface and azimuth, respectively. Again, there are
measurement interruptions when position and velocity updates are unavailable, and navigation
solution errors grew, again demonstrated in Case 4. Correspondingly, RMS errors of 0.57°, 1.65°,
and 0.71° were observed for inclination, toolface and azimuth, respectively. Case 3 has bigger
attitude errors than Case 1, because Case 2 involved more dynamics, thereby leading to more
MEMS inertial sensor errors.
As mentioned earlier, of the three attitudes, heading errors usually have the biggest amplitudes.
When heading measurements are available, the heading error is corrected. During the test period,
the inclination and toolface angle errors were smaller compared to the azimuth error, because
inclination and toolface angle are easily observable from the continuous velocity updates.
5.3.3 Experiments with Shocks
The low drilling speed of 0.1 m/s was used to complete the drilling mission for the wellbore
trajectory as Case 1 and Case 2. It is assumed that a shock along x axis, y axis and z axis with the
amplitude of 1000 G, 800G and 600 G respectively over 0.10 S for 1 minute. Generated error-free
IMU data is the same as Figure 5-7 shows, and Figure 5-35 illustrates contaminated IMU data.
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Figure 5-35 Contaminated IMU raw data for low speed drilling with shocks.

5.3.3.1 Case 5: With Shock during the Drilling Process
Just as in Case 1, all external measurements are obtained normally and can be used to constrain
the drifts in the system. In drilling mode, continuous CUPTs based on MCM and velocity updates
calculated from the change of MD over time, are implemented. While in stationary mode, at each
surveying station, ZUPTs, CUPTs based on MCM, and azimuth updates from magnetometers are
applied. North, east and altitude position errors derived by UKF during the test, were obtained by
comparing them to the reference positions. Similarly, velocity and attitude errors derived by UKF
during the test were also obtained by comparison to the reference attitude. The solutions are shown
in Figure 5-36 to 5-43, with respect to position, velocity and attitude.
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Figure 5-36 Position result of the system.

Figure 5-37 Position error.
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Figure 5-38 Position error (enlarged).

Figure 5-39 Velocity result of the system.
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Figure 5-40 Velocity error.

Figure 5-41 Velocity error (enlarged).
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Figure 5-42 Attitude result of the system.

Figure 5-43 Attitude error.
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5.3.3.2 Discussion
For Cases 5, the inertial sensor measurements were processed by UKF with continuous position
and velocity updates, as well as periodic ZUPT and heading measurements. North, east and altitude
position errors derived by UKF during the test were obtained through a comparison to the reference
positions. Similarly, attitude errors derived by UKF during the drilling test were obtained by
comparing them to the reference attitude.
Position errors: For Case 5, RMS position errors of 0.052 m, 0.068 m, and 0.12 m were observed
during the tests along the north, east, and altitude directions, respectively. While there are shocks,
the navigation solution errors grew large suddenly, as demonstrated in Figure 36 to Figure 38. And
once errors were corrected, as measurements became available, CUPT based on MCM, proceeded.
Velocity errors: Velocities in the north, east and vertical axes of the drill bit during the test were
obtained for Case 5. RMS velocity errors of 0.014 m/s, 0.016 m/s, and 0.017 m/s were observed
along the north, east, and vertical axes, respectively. When there are shocks, velocity errors grew
large suddenly, as seen in Figure 39 to Figure 41, and a maximum velocity error could potentially
reach 2 m/s because the huge drift of MEMS-based SINS solution resulted from shocks.
Attitude errors: Inclination, toolface angle and azimuth errors of the drill bit during the test were
obtained for the Case 5, RMS attitude errors of 0.11°, 0.11°, and 0.22° were observed for
inclination, toolface and azimuth, respectively. Again, when there are shocks, navigation solution
errors grew huge suddenly, demonstrated in Figure 43 and Figure 43.
From the results, the solution in case of shocks is totally unacceptable. Therefore, measures must
be taken to enhance the performance of the system. Potentially, there are two ways can be
considered: the first one is to develop mechanical device to absorb the energy of the shocks and
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thus to dramatically reduce MEMS sensor errors; the second method is to design algorithm to
detect the shocks and stop proceeding SINS algorithm until the shocks end.
5.3.4 Compared with the Results of EKF
Navigation solution errors for the four different cases via UKF are summarized in Table 5-7. As a
comparison, EKF was also used to obtain the solutions, and these results are listed in Table 5-8
with respect to position, velocity and attitude errors. From the data, a similar level of accuracy
between UKF and EKF is observable, though the results of UKF are slightly better. What this
implies in the simulated scenarios, is that the linearization of EKF appears to be quite accurate,
and so, second order errors are not significant. However, UKF may show more advantages in
actual drilling situations, considering that a wider variety of dynamics arise from the ambient
environment in real-world drilling processes.
Table 5-7 RMS of Navigation Errors via UKF

Case 1
Case 2
Case 3
Case 4
Case 5

Lat
(m)
0.068
1.68
0.052
1.92
0.054

Lon
(m)
0.061
2.60
0.068
2.47
0.064

Height
(m)
0.093
1.35
0.12
2.54
0.095

Vn
(m/s)
0.011
0.08
0.014
0.11
0.020

Ve
(m/s)
0.012
0.11
0.016
0.14
0.021

Vd
(m/s)
0.014
0.06
0.017
0.14
0.011

Inclination
(°)
0.023
0.37
0.11
0.57
0.57

Toolface
(°)
0.083
0.78
0.11
1.65
2.07

Azimuth
(°)
0.25
1.42
0.22
1.71
2.18

Toolface
(°)
0.078
0.79
0.12
1.55
2.32

Azimuth
(°)
0.27
1.52
0.21
1.78
2.65

Table 5-8 RMS of Navigation Errors via EKF

Case 1
Case 2
Case 3
Case 4
Case 5

Lat
(m)
0.066
1.93
0.051
1.87
0.055

Lon
(m)
0.064
2.58
0.072
2.43
0.069

Height
(m)
0.095
1. 53
0.14
2.84
0.094

Vn
(m/s)
0.012
0.09
0.014
0.10
0.021

Ve
(m/s)
0.012
0.11
0.021
0.14
0.023
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Vd
(m/s)
0.013
0.07
0.018
0.16
0.014

Inclination
(°)
0.024
0.35
0.12
0.67
0.87

5.4 Summary
This chapter discussed the framework for a simulation platform for a proposed low-cost MEMS
based multi-sensor MWD system for directional drilling applications. The main functional
modules of the simulation platform were introduced and implemented thereafter. Subsequently,
four different experiments, using two different drilling speeds, were executed in order to assess
the performance of the developed simulation platform. The two tests differ in the forward speed
rate. The forward speed rate was 0.2 m/s while drilling in a soft formation and a slower rate of 0.1
m/s while drilling in a hard formation. The first test achieved the RMS position accuracy of 0.052
m, 0.068 m and 0.12 m along the drill bit North, East and vertical directions, respectively. The
second test had a RMS position error of 0.068 m, 0.061 m and 0.093 m in North, East and vertical
directions, respectively. It should be noted that the results were obtained by setting up the error
budget of MEMS sensor identical to that of STIM 300 as well as other defined test parameters
such as external measurements accuracy and designed trajectory. Comparison between the solution
of the proposed method and that of EKF validated the feasibility of the developed proposal.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
In this thesis, the design and implementation of a low-cost SINS-based MWD surveying solution
for directional drilling was presented, using a simulation platform. This research aimed to develop
a comprehensive simulation platform for directional drilling operations, integrating the RSS and
MWD tools into one drilling housing, using a low-cost MEMS INS. The work focused on
trajectory design, MEMS sensor error modeling, and continuous surveying technology while
drilling, based on the information fusion method. This chapter summarizes the conclusions and
contributions of the research, and provides recommendations and possible future research work.
6.1 Conclusions
The primary focus of this research surrounds a MEMS-based SINS in order to create MWD tools
for directional drilling applications. The overall objective of this project is to design and test
algorithms for this miniaturized system for overcoming challenges such as long-term drift error,
and large, harsh-drilling-environment-induced MEMS errors. Available external measurements
for the drilling process were fused with MEMS-based SINS output to enhance system performance.
This thesis led to the following conclusions:
1. A directional wellbore trajectory generation method was presented and implemented to validate
the presented MEMS-based MWD surveying system in a more practical manner. To design a
wellbore trajectory, there are two basic steps: first, to generate the 3D well path in spatial
coordinates, a set of continuous 3D points with inclination and azimuth as a function of measured
depth (MD), and; second, to determine the dynamics of the trajectory, taking into consideration
the timeline, in order to specify the required speed for completion. Based on the generated
trajectory, error-free IMU raw data can be acquired using an inverse algorithm of the strapdown
inertial navigation mechanization. With this method, and using a variety of dynamics, three of the
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most commonly used directional well paths were devised, by selecting different speed options to
simulate a real well trajectory.
2. A sensor error modeling technology was developed to reflect a harsh drilling environment in
order to enhance overall system performance. Besides traditional inertial sensor errors such as bias,
scale factor, misalignment and random walk errors, harsh drilling conditions induced errors are
analyzed specifically. For the temperature-induced error model, a temperature change profile along
the wellbore path was presented. Based on its profile, MEMS inertial sensors’ temperature-induced
error was modeled as a function of the MD of the wellbore trajectory. Vibration-induced error
modeling methods were proposed for MEMS sensors, as well. Using the model, real IMU data
was generated using actual directional drilling conditions and processes, thereby making the
simulation process accurately reflect real industrial practice. And finally, implementation was
made to simulate IMU raw data with all environment-induced errors, discussed above.
3. A low-cost SINS-based MWD system offering continuous surveying capability of boreholes
without interrupting the drilling process, was presented by integrating external rig drilling
parameters with MEMS’ inertial sensor measurements based on non-linear UKF. There are two
types of operating modes for drilling process: 1) stationary mode - when drilling is stopped to
connect a new drill pipe stand, including available external measurements such as position
obtained by MCM, zero velocity, and a magnetometer-derived azimuth measurement, and; 2)
drilling mode- position obtained by MCM and continuous velocity along the drilling axis obtained
from the length change of MD, were applied to the UKF when drilling.
4. A simulation platform was developed to monitor how the MEMS inertial sensors-based SINS
operated for drilling applications in different scenarios. The simulation platform has six functional
modules: trajectory, IMU raw data, external measurements, initial alignment, UKF, and output.
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Two experiments simulating the drilling, through soft and hard formations at different speeds,
were conducted for a Type 2 wellbore trajectory. The two tests differed in their forward speed rate,
with speeds of 0.2 m/s and 0.1 m/s, in the soft and hard formations, respectively. The first test
achieved a root mean square (RMS) position accuracy of 0.052 m, 0.068 m and 0.12 m along the
drill bit’s north, east and vertical directions, respectively. The second test had a RMS position error
of 0.068 m, 0.061 m and 0.093 m in the north, east and vertical directions, respectively. These
results were obtained by setting up the error budget of MEMS sensors identical to that of STIM
300 without considering environment shocks and high temperature changes as well as other
defined test parameters such as external measurement accuracy and designed trajectory.
Comparisons between the solution of the proposed method and that of EKF validated the feasibility
of the proposal.
6.2 Recommendations and Future Work
Based on the results and conclusions regarding the implementation of this low-cost SINS-based
MWD surveying solution for directional drilling, it is recommended to extend this research for
future developments. The following points are areas requiring investigation in order to achieve
better performance for the proposal presented herein.
1. Optimizing UKF Algorithm to Reduce Computation Burden
The amount of sigma points in UKF is proportional to the dimension of the state vector, resulting
in a large calculation burden for the proposal presented in this thesis. Optimizing the UKF
algorithm with a view to reducing the computational burden, without losing accuracy, is necessary.
In the meantime, a revised UKF strategy such as using the Reduced Dimension Unscented Kalman
Filter (RDUKF) is also feasible.
2. MEMS Sensor Error Modeling in Real Drilling Environment
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The MEMS inertial sensor error models, with respect to temperature and vibration in harsh drilling
environments, in this thesis were developed theoretically. However, in a real-world drilling
environment, drilling conditions are far more complicated than those presented in the simulations.
As such, tests should be conducted in downhole environments in order to further calibrate and
identify the parameters of the error model proposed herein.
3. Field Test
The low-cost SINS-based MWD surveying system for directional drilling presented here should
be applied to a field testing in an actual drilling environment by developing a prototype or using
hardware developed at the University of Calgary (ElGizawy 2009).
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