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1. Summary

The research work discussed in this paper concerns Drilling Automation for planetary (Mars)
Exploration.  The  purpose  of  the  project  is  to  develop  enabling  technologies  for  planetary
subsurface  exploration.  The  specifications  and  requirement  of  such  a  subsurface  drilling
operation  requires  an  automated  operation,  with  a  minimum  available  power  (100  watts),
automated  diagnostics  of  expected  fault  conditions  and the  appropriate  corrective  actions  to
continue the needed drilling for planetary exploration.  Thus, a health and usage monitoring is
required for diagnostics in an automated, low-power, Mars-prototype drill. This paper describes
the  development  of  a  structural  mechanics-Neural  Network-based health  monitoring  system.
The developed system has been tested and validated in the Haughton crater area of Devon Island
that  is  located  approximately seventy five degrees  north of  the  equator  in  Canada.  The test
approximately  simulated  the  specified  requirements.  This  paper,  however,  focuses  on  the
filtration  system that  was designed to  filter  the  rotational  components  present  in  the  sensed
signals  before  analyzing  the  signals  for  changes  in  the  structural  dynamic  characteristics  or
vibrational characteristics of the drill structural system. The rotational components were induced
by the gear system of the drill and the motor system. The identified changes in the structural
dynamic  characteristics  were combined with the structural  dynamic  response to diagnose the
fault conditions. A brief summary of these procedures is also discussed following the discussion
of the filter system 

2. Introduction/Background

The objective of developing an automated drill, with limited available power, is to use such an
automated drill,  for planetary subsurface exploration.   T0 accomplish this,  it  is  necessary to
develop and validate (on earth) a prototype drill that can use the limited specified power (e.g.
100 Watts), and drill into the selected subsurface, that are similar to the surface of the planet
Mars, at selected locations and depths.  Because such a drill is expected to be operated with
robotic systems like the Rover, the drilling operation is expected to be in an automated manner.
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Even with human interfaced operations, drills for planetary subsurface exploration are expected
to be operated in an automatic mode of operation for several hours because of the limitations on
astronaut  extravehicular  activity.   Therefore,  the process and the related  project  of “Drilling
Automation for Planetary Operation or Exploration” is of primary importance.  In particular, this
paper is addressed to the process used in the DAME (Drilling Automation for Mars Exploration)
project.

The process of automation consists of developing appropriate software to operate the drill with a
limited amount of specified or available power; develop and implement software to diagnose the
expected  fault  conditions  that  can  or  will  impede  the  continued  drilling  operation  into  the
complex subsurface of Mars; design and implement appropriate corrective actions when such
fault conditions are expected with a specific probability; and develop an executive software that
can coordinate all these operations and network between computers that use these  programs.
Given the  complex  and uncertain  subsurface  of  Mars  and above surface  environment  while
drilling, a very important specified design requirement is to react quickly to various drilling fault
conditions that are likely to be encountered.  The term “quick reaction” implies the detection of
different fault conditions before the faults bring the drilling operation to a complete stop.  Thus,
in many cases, it is required that the diagnostic software, or the health and usage monitoring
system, anticipate the probability of encountering the fault condition.  Thus, the identification of
faults in a predictive manner and a quick response to initiate the corrective actions require that
the health  and usage monitoring system must be operational continuously during the drilling
operation.    

The second and equally important requirement of the health and usage monitoring system comes
from the fact that the time spent on the actual drilling operation, the depth, and the amount of the
drilled subsurface represents the “pay-off” for the Mars drill operation.  Thus, the health and
usage monitoring system should not interfere with the actual drilling operation.  This means that
the actuators, sensors, and the drill-health analysis systems should not impede or stop the drilling
operation.  Therefore, it is necessary to use the actual drilling operation itself as the actuator.
Similarly, the sensor system and associated bus lines should not impede the drilling operation
and occupy a minimum amount of space inside the auger tube.

Hence, the following requirements were formulated for the health and usage monitoring system
for the automated Mars drill 2,1 .  

 Expected fault conditions, such as binding, choking, encounter of very hard materials,
and bit  failure  conditions,  must  be identified  before  the  actual  failure  occurs  so  that
appropriate corrective actions can be initiated.

 The sensors, actuators, and analysis systems should not interfere with the normal drilling
operations.

 The health monitoring system should be networked with the “Executive” that controls the
overall operations and the drilling operating software.

 The health monitoring system should be an automated drill fault detection system that
responds to the Executive within a specified time from the request.

3. Design of the Health and Usage Monitoring System
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Due to the complex and uncertain environment of the Mars drilling operations, a need to react
quickly to  drilling faults,  and the requirement  of  no direct  human involvement,  three health
monitoring systems were developed for the drill: a typical rule-based system that uses the auger
and bit torque to detect faults; a model-based system that models the drill during nominal and
fault-mode operations to develop probabilities for each state; and a “structural mechanics-Neural
Network-based system” that uses auger dynamics and vibrational signal analysis of the drill and
trained Neural Networks to determine the state of the drill  at all  times.   These three health-
monitoring systems communicate  with the Executive software,  and the Executive weighs the
predictions given by each monitoring system and takes the appropriate corrective actions. 

One  of  the  three  health  and  usage  monitoring  system  that  is  based  on  the  foundations  of
mechanics with a rapid response that can be achieved by combining it with a neural network is
known  as  “the  structural  mechanics-Neural  Network-based  health  monitoring  system”.  The
system design framework can be described as follows.

 It  is  assumed  that  each  fault  condition,  such  as  binding,  choking,  and  encounter  of
materials  with  different  hardness  changes  specific  boundary  conditions  of  the  drill
system. Hence the natural frequencies, mode shapes, and the associated auger dynamics
of  the  drill  system change  accordingly,  in  a  unique  manner,  for  each  expected  fault
condition.  This information on changes can be used to identify different fault conditions.

 To avoid any interference with the drilling operation, to continuously acquire the health
and usage monitoring data, and to provide a rapid and accurate response to the Executive,
Laser Doppler Vibrometer (LDV) sensors are ideally suited for such an operation.  These
sensors also allow a remote and non-contact sensing capability. The sensed data can then
be combined with the auger dynamics to analyze and identify fault conditions.

 To  minimize,  or  eliminate,  the  interference  with  the  normal  drilling  operations,  an
external  actuator  to  excite  the  vibrations,  should  be  avoided  for  the  routine  health
monitoring operations.  Instead, the rotation of the drill is to be used as the actuator and
the response is acquired through the LDV sensors and one accelerometer, which is used
as a back-up sensor and is mounted inside the auger tube.  The primary sensors are the
LDV sensors.  However, the rotation of the drill and the associated gears also result in
rotational components in the sensed response, in addition to the useful structural dynamic
response.   Thus,  an  essential  step  of  operation  is  to  design  filters  to  remove  any
undesirable rotation components from the sensed signal before analyzing the data.

 The analysis of the sensed data and identification of the fault condition are to be based on
the formulated models of the structural dynamics of the drill system with faults and the
use of the detected and filtered data of the by the LDV system.  

 For a rapid response to the executive, the next module of the health monitoring system
should include the Neural Network module, which is trained first using the developed
analytical data from the formulated models and later updated by the use of the acquired
laboratory and field test data.  Then, using the adaptive Neural Network concepts, the
formulated structural dynamics model parameters and the trained of Neural Network, for
fault  identification,  is  to  be  continuously  updated  during  the  drilling  operation.   The
adaptive Neural Network concept should also be used to update the base-line model of
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the drill  as the additional  augers are  added to the drill  system or the drill  conditions
change.

 The  next  step  is  to  network  the  structural  mechanics-Neural  Network-based  health
monitoring  system  with  the  Executive,  drill  operating  software  and  other  parallel
diagnostic systems.

 The final step is to validate the system with carefully designed laboratory and field tests
and develop procedures to modify the health monitoring system as found necessary. 

4. Health Monitoring System and Filters

In the beginning of the project, the option of using only the accelerometer sensors were explored
to measure the accelerations of the system.  This resulted in an interference with the drilling
operation and yielded less accurate results.  The accelerometers were either embedded in the drill
augers or placed on a non-rotating (fixed system) part of the drill.  By placing accelerometers in
the fixed system, it is more difficult to identify the needed natural frequencies of the augers, and
this resulted in less accurate predictions of the fault conditions.  Accelerometers embedded in the
augers yielded more accurate auger readings. However, each accelerometer required one of the
very limited  and available  bus lines,  inside the auger  tube to  transmit  the measured  signals.
Therefore, the benefits of using Laser Doppler Vibrometers were explored. The benefits are as
follows: these sensors are non-contact sensors and they can be positioned practically anywhere.
The sensors data can be used identify the velocities of the auger directly. Initially, Laser Doppler
Vibrometers,  along with accelerometers,  were used in the experiments  conducted at  Georgia
Tech, `tests at the NASA Ames Research laboratories and field tests. Later, data from the Laser
sensors were the only input response that was used at subsequent laboratory tests and field tests
in Devon Island 4,3 .  From these tests, the Laser Doppler Vibrometers proved to be an efficient
and became practical tool for the structural health monitoring system and it also yielded more
accurate results. 

4.1Design of Filters

As discussed before, the rotational frequencies of the motors and the gear system were another
obstacle for an accurate identification of the changes in the structural dynamic characteristics,
including the natural frequencies of the drill auger.  Depending on the rotational speed of the
augers, the motor gear system frequencies appeared in the detected response and often dominated
the vibrational response of the system.  Therefore, a filtering system was developed to filter out
the  rotational  frequencies.  In  some  of  the  previously  reported  works  that  analyzed  rotating
systems, the diagnostics were based primarily on the changes in the magnitude of the rotating
harmonics that were sensed from sensors mounted on the fixed system. This resulted in totally
incorrect diagnostics.

While investigating the changes in a transmission vibration signal due to gear damage5, a basic
mathematical model for the signal, given a perfect transmission, was proposed to be
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where Pn is the amplitude of the nth harmonic, ω is the mesh frequency given by ω=2πfrT, fr is
the gear rotation frequency, T is the number of teeth, φn is the phase angle of the nth harmonic,
and w(t) is the noise and often represented as the Gaussian white noise.  This model was used in
the design of the designed filtering systems.  

After  the  frequency  response  from  the  drill  system  is  collected  from  the  Laser  Doppler
Vibrometers and stored, the current drill operating conditions, including the rotational speed of
the  augers,  the  auger  torque  and rate  of  penetration,  were  also  transmitted  to  the  structural
dynamics-Neural Network-based health monitoring system by the Executive program.  Inside the
Neural Network program, the filtering function then evaluated the rotational frequencies of the
motor-gear system on the basis of the type of motor-gear system in the drill and the rotational
speed of the augers.

The DAME drill used 90-gear tooth motors, which incur a rotating frequency every 90x(Auger-
RPM)/60 Hz.  Therefore, if the auger is rotating at 40 RPM (Revolutions per Minute), a rotating
frequency component will occur at 60 Hz, 120 Hz, 180 Hz, etc. The sensed data will also have
noise. The objective of the filters is to remove the rotational components while retaining the
useful  structural  dynamics  data.  The  filtering  function  first  evaluates  the  frequencies,  to  be
filtered,  for  the  given  motor,  the  rotational  speed  of  the  augers,  the  gear  system  and  the
frequency range of the data sample. Finally, the objective is to remove (set to zero) each rotating
component, from the data sample, which eliminates the dominating responses from the motors
and allows the natural frequency detection program to locate only those frequencies from the
augers. The program also checks if we have any rotational frequencies that coincide with the
useful  natural  frequencies  that  are  stored  in  neural  network  system  and  are  needed  in  the
identification of faults. Those frequencies are removed from the target frequencies to be filtered.
The next step is to identify the rotational frequencies that are in the selected neighborhood of
useful frequencies and need vary accurate filtering system. 

At this stage, we have many options for selecting the filter system. These include the Chebyshev
filters,  Butterworth filters,  elliptical  filters  and Comb filters.  In this  paper, first a Chebyshev
filter, known as Cheby I filter is designed and is followed by a manual filter that examines the
filtered  data  for  any  residuals  that  are  larger  than  the  acceptable  values  at  the  rotational
frequencies and sets it to zero.

The  Chebyshev  Type  I  filters  are  the  most  common  Chebyshev  filter6.   For  each  rotating
frequency, there will be a gain, poles, and a transfer function.  The gain (or amplitude) response
as a function of angular frequency ω of the nth order low pass filter is
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where ε is the ripple factor, ω0 is the cutoff frequency, and Tn( ) is a Chebyshev polynomial of
the nth order.  The poles of each Chebyshev gain function are therefore
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Finally, the transfer function for the Chebyshev Type I filter is given by
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To perform a digital implementation of a Chebyshev filter, a Z-transform of each biquad must be
performed via bilinear transform.  Therefore, the following equation is the general form of the
Chebyshev filter of the nth order:
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where K, ai and bi are the coefficients to be determined for the filter implementation8.  A block
diagram of the Chebyshev filter can be found below.

Figure 1: Block Diagram of Chebyshev Filter

where X(z) is the input signal (original data sample), H(z) is the Chebyshev filter which will
remove the rotational frequency components in the sample based on the rotational speed of the
augers, and Y(z) is the output signal (filtered data sample). If a higher order filter is designed the
filter can be separated into multi-second order filters and implemented as follows 8,7 .
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The combined filter will have an accurate target as shown in the following figure

The figure below shows the filtered and original signal in the frequency domain of a function
with incrementing 30 Hz frequencies – similar to what would be present with the DAME drill
rotating at 20 RPM – and two natural frequencies occurring at 15 and 115 Hz.  The Chebyshev
filter  removed the incrementing 30 Hz frequencies,  leaving only the desired 15 and 115 Hz
behind.

Figure 3: Chebyshev Type I Filter Example
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5. Validation of the Health Monitoring System and Filters

A flow chart  of the final procedure developed for the structural mechanics-Neural Network-
based health monitoring system can be found below as Figure 4.

This design and filtering system was tested and validated in the Haughton Crater during the 2006
Haughton-Mars Project field season.  The Haughton Crater located on Devon Island, Canada, in
the high Arctic (75 degrees north of the equator and 90 degrees west). The crater is about 20km
in diameter and 42 million years old is a prime spot for testing Mars drills because it has a unit of
preserved impact fallback breccias, similar in texture and structure to Lunar or Martian regolith,
and subsurface ice and permafrost that would be found in higher Martian latitudes.  Figures 5
through 8 are pictures of the DAME drill, a global view of the Haughton Crater’s location, the
drill site on Devon Island, and the surface of the Haughton Crater.

Figure 4: Structural Mechanics-Neural Network
Health & Usage Monitoring System
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     Figure 5: DAME Drill

Figure 5: DAME Drill

Figure 6: Devon Island
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 Figure 7: 2006 DAME Drill Site on Devon Island, Canada

Figure 7: 2006 DAME Drill Site on Devon Island, Canada

Figure 8 Close-up of the Haughton Crater Surface
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The following figures show a data file through each process in the main Neural Network code.
This particular data file is from a total auger length of 2.875 meters and 45.0 RPM auger speed,
and the Neural Network predictions were 0.815017% for binding, 0.623702% for jamming, and
0.00% for choking.

Figure 9: Data sample of frequency response of augers from LDV

Figure 10: Data sample after rotational frequencies were filtered
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Figure 11: Data sample and the natural frequencies chosen by the MATLAB main code

For comparison purposes, Figure 10 is a data sample of the drill, with the same specifications as
above, operating nominally.
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Figure 12: Nominal Drilling Frequencies (2.875m auger length; 45 RPM auger speed)
6. Structural Mechanics- Neural Network Based Fault Identification:

The figure 4 provides the outline of the health monitoring system. Prior to the use of the system,
structural  mechanics  models  were developed for different  fault  conditions.  The models  were
used to identify changes in structural dynamic characteristics and the dynamic response of the
auger for given motor conditions and force conditions. This information and laboratory test data
were used to train neural network 10,9  to identify specific fault conditions. In the field the LDV
sensors detected the signals. These signals were converted to a MATLAB format and were used
as  input  to  the  neural  network  based  identification  system  to  identify  the  probabilities  of
encountering the fault conditions. It is to be noted that as the drilling operation proceeds it is also
necessary  to  modify  the  base  line  model  for  the  structural  dynamic  system,  without  fault
conditions.
Even though the laboratory validation  of the filtering  operations  indicated  very good results
(Figure 3), the field tests showed many residual components that did not represent purely the
structural dynamic response. Some reasons attributed to this are some field modifications to the
drill to simulate the attachment to the rover, three-dimensional vibrations of the complete drill
and very different subsurface conditions encountered at the Haughton crater field test site. If we
can identify the residuals due to different subsurface conditions the resulting information can be
of significant amount of interest in studying the subsurface structure. Thus, it is necessary to
design an adaptive filter that will only filter out the unwanted information. 

7. Summary and Conclusions

A combination of the use of the drill motor as the vibration actuator, non-contact Laser Doppler
vibrometers  as  sensors,  Chebyshev  I  filters,  manual  validating  filters  and  the  structural-
mechanics-neural network based fault identification procedures has been used design a health
and usage monitoring system for automated drills that uses limited amount of power and can be
used for  interplanetary  sub surface  exploration.  In  this  paper,  the  filtering  process  has  been
discussed. The complete system was tested in the Haughton crater region of the Devon Island,
Canada (75 degrees north of the equator). To date, the 2006 demonstration has shown that the
drill  was capable of reaching depths of 3 meters  below the surface using only 100 watts  of
power. The health and usage monitoring systems were capable of identifying 5 fault conditions.
Thus, the automated drill was capable of operating for four hours in an automatic mode. This
demonstrated the feasibility of designing an automated drill for interplanetary exploration and
the health and usage monitoring systems play a key role in interplanetary exploration and has the
potential for use in other space exploration applications.

To correct for many field adjustments to the drill system, three-dimensional vibrations of the
complete drill and accommodate the complex surface conditions, it is necessary to modify the
filter and to design an adaptive filter to adjust to the field conditions.
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