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ABSTRACT
With recent advancements in battery technology, there is an acute interest in
increasing the number of battery-powered haulers for use in underground mining. In an
attempt to commercialize and implement the new battery technologies, machine
manufacturers must determine the capacity, durability, and performance of these batteries
over critical and tough conditions in underground mining operations. Study of the duty
cycle of underground haulage units is the basis by which verification of the need and
demands for power for such units can be determined for the purpose of sizing suitable
batteries. This thesis discusses the measurement of duty cycles of coal mine shuttle cars
in two underground coal mines in central Pennsylvania along with the discussion and
analysis of the measured duty cycles. Observations and measurements were made to
quantify/differentiate the performance of the shuttle cars under different road conditions
and mine operating requirements. The measurement of the duty cycles for various shuttle
cars was mostly performed by recording the available machine information through the
vehicle on-board communication ports such as CAN1bus interfaces. Each work cycle
includes real time power consumption during different work segments (e.g., loading,
loaded tramming, dumping, and empty tramming), mean power for the entire duty cycle,
order and duration of peak powers, and required energy for the entire cycle and different
work segments. Moreover, cycle timing and intermittent delays occurring during each
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work segment are included in the duty-cycle study. The required energy by work cycle is
summed over the course of each work shift and then correlated with utilization.
Analysis of the data has allowed for evaluation of these parameters and
quantification of the arithmetic average, root mean square, and dispersions of related
parameters such as cycle time, delay times, average power and energy consumptions,
peak power and energy consumptions, and finally the proportion of power consumption
in each segment of the duty cycle as well various functions. Statistical analysis is used to
develop formulas for estimation of operating parameters of such haulage units based on
the distance, weight of the haulage units, road conditions, utilization, and number of
haulage trips during a working shift. The statistical models include average and peak
power and energy consumptions. Also a separate analysis was performed to estimate the
amount of machine utilization and delay times for each component of the work cycle.
The observations and developed models allow for estimation of the required battery
power and storage capacity for underground haulage units and expansion of the results to
similar operational conditions with different panel geometries.
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Chapter 1. INTRODUCTION

Most mobile mining machinery is powered by either diesel fuel or electric power.
Mining equipment manufacturers have tried to incorporate new battery technology into
light-duty mobile equipment as a safer and more efficient source of propulsion, especially
in underground mining environments. In order to commercialize and implement the new
batteries, machine manufacturers must verify battery durability and performance in
critical and tough working conditions in mining operations to assure high performance
and low downtime of such units in underground mining operations. The critical and
normal working conditions of batteries are defined by the duty cycles of the mobile
equipment. Learning the duty cycles is the key to rational sizing of batteries as a source
of power. Highly unpredictable duty cycles affect the battery lifetime and its performance
(Duvall, 2005). The battery’s cell dimensions, the number of cells, electrode shape, and
electrode surface area will be optimized for a designated duty cycle. For instance,
increasing the surface area of the electrodes enhances the battery’s peak power handling
capability and its charging time; while increasing the volume of electrolyte in the cell
increases the cell's energy storage capacity, which adversely reduces the peak power
capacity. This is the main tradeoff in sizing a battery for a specific mobile equipment.
Battery manufacturers would be able to adjust the battery design and cell configuration
based on the battery application and requested duty cycles for the battery.
Battery test procedures will be designed based on the normal and critical duty
cycles to evaluate the battery performance during both normal and high-demand
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conditions. The literature survey shows that most of the studies on the duty cycle of
mining equipment have in the past focused on driving cycle of trucks used in surface
mining. Only one study was found that pertains to the duty cycle of underground haulage
units (Barnes and Miller, 2003) which includes coal-mine shuttle cars.

This thesis

focuses on studying the duty cycle of coal mine shuttle cars which are the most popular
underground coal mine face hauler in room-and-pillar mining operations. Evaluating the
impact of different duty cycles on the battery or hauler performance was not included in
this thesis.
Once the timing and power consumption of the haulage units for driving and their
duty cycles in underground mining operations were measured, a correlation was sought to
connect the duty cycles with the haulage operation characteristics such as the mine
geometry, the number of haulage units, the capacity of haulage units, utilization, and the
haul-road condition. This assessment then provides a basis for the estimation of battery
requirement when haul-road conditions and the haulage operation change and for
estimation of the required size of batteries for different situations.

1.1

Thesis Overview
The first chapter of the thesis is the introduction. It discusses the objectives of

this study and focuses on describing the demand for battery-powered underground
haulage units.

Chapter 2 discusses the previous studies on this topic and gives a more

detailed discussion of the definition of duty cycle and other parameters. Chapter 3
provides a background on underground coal mining haulage systems and reviews the
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previous research and methodologies pertainent to characterizing mobile mining
equipment in underground operations. Chapter 4 describes the parameters affecting the
shuttle car duty and timing cycles, followed by a brief explanation of the methodology
used in the case studies to measure the duty cycles. Chapter 5 discusses the programs
developed for collecting and analyzing field data using MATLAB software. Chapter 6
presents and discusses the analysis of the collected field data. This chapter also offers
statistical-experimental models correlating the duty cycle and the studied parameters.
Finally, Chapter 7 presents the conclusions and results of this thesis and gives some of
the recommendations for future work on this project.
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Chapter 2. BACKGROUND AND DEFINITIONS

This chapter discusses the background information about the underground
haulage units and gives related definitions of the duty cycles and subcomponents of each
cycle. It also provides a brief overview of the available literature on this topic.

2.1

Duty Cycle vs. Driving Cycle
Before getting through the rest of the thesis, it is essential to define the

terminology used for this study to ensure clarity of the terms and definitions. The term
“Duty Cycle,” which is frequently used in this thesis, simply defines how much an
underground haulage vehicle is used in a certain period of time, most likely an 8-hour
work shift. Duty cycles are typically represented by power usage, energy consumption, or
the load profile versus time. On the other hand, “Driving Cycle” describes how a vehicle
is used. The driving cycle refers to what the vehicle driving pattern is and what its speed
versus time is. Parameters such as the frequency of the vehicle’s stops and starts, vehicle
idle time, average speed, vehicle mileage, and vehicle downtime could be calculated from
the driving cycles. Duty cycles and driving cycles can be obtained using various
methodologies which are explained in following sections.

2.2

Target Haulage Unit: Shuttle Car

Shuttle cars are rubber-tired units used to haul coal from the continuous miner to the
panel “feeder breaker”, which loads the coal on to the panel belt conveyor and
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regulates/distributes the load delivered in batches by various haulage units. Shuttle cars
are the most common panel haulage vehicles accounting for over 70% of any such units
in underground room and pillar mining or development sections. They may be powered
by electricity or battery. A shuttle car is open on both ends. As Figure 2-1 illustrates, a
central chain conveyor moves coal from the loading end to the discharge end and
distributes the load during the loading cycle, and it moves the coal off the unit, thus
allowing loading and discharge without the need to make turns or maneuvering at either
location. Typical shuttle car capacities range between 9 and 33 tonnes. Shuttle car cycle
time varies depending on haulage operation, work conditions, and panel arrangements.
Shuttle cars are capable of tramming with a maximum speed of 3.5 m/s (8 mph or
12 ft/s). However, the Code of Federal Regulations (CFR) has limited the top speed of a
shuttle car by 2.7 m/s (6 mph or 8.8 ft/s). This speed can be reached in less than 3
seconds. It means that the shuttle car maximum acceleration would reach to 0.9 m/s2 (3
ft/s2). The acceleration of 1.36 miles per hour per second (2 ft/s2) is recommended for
underground haulage operation (Gunderman, 1980).
The maximum cable length is also limited by the available codes and prevailing
regulations as a function of cable size. The cable length is normally kept less than 250 m
(750 feet).
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Figure 2-1. Shuttle car (Courtesy of Joy global)

2.3

Importance of Study
Underground coal producers have been looking for high productivity and high

equipment efficiency in underground haulage systems. In operations, the haulage system
has the greatest potential for productivity improvements. A study (Chugh, McGolden,
Carty, and Hirschi, 2001) indicates that face haulage is still the major bottleneck to
productivity. The continuous miner can only produce as much as its haulage system can
move. Under ideal conditions, all forms of face haulage work well, but in certain
conditions when mine plan changes, the face haulage units must present enough
flexibility to fit the new mining condition and still keep high productivity.
The electricity-powered shuttle car is the most popular face haulage unit at
present. Ramcars, coal haulers, and Freedom cars are the other types of cyclic face
haulage units employed in underground coal mine operations. Ramcars are cable-less,
articulated haulage units which could be powered either by battery or diesel fuel. The
Freedom car is a battery-powered shuttle car manufactured by Philips Machine. The
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capacity of haulage units is the most critical parameter for choosing a face hauler. Shuttle
cars and Freedom cars have a big advantage over ram-cars when it comes to capacity.
Despite the flexibility, which cable-less ramcars offers, it adds more change-out and
waiting delays to the haulage cycles because ramcar’s load and dump from the same end.
This requires the ramcar to turn around twice in each haulage cycle.
(Chugh et al., 2003) compared the productivity of a coal mine in Illinois by
changing the haulage unit from electricity-powered shuttle cars to Freedom cars for the
same capacity. Based on this study, a 12% increase in productivity was observed by
replacing one car; and a 24% increase in productivity was recorded by changing all three
cars to the Freedom cars, which resulted from the flexibility that they offer.
Electric haulers are

increasingly replacing

diesel-powered vehicles

in

underground coal mine operations. Although diesel engines could provide high power
and high mobility, undesirable factors such as higher maintenance, more heat and noise
pollution, and a higher ventilation cost made diesel-powered units less favorable. Electric
propulsion systems could work more efficient than diesel engines in an intermittent
operation (Miller, 2000). Diesel ramcars have pretty much been regulated out of
existence (Hirschi, 2012).
Electricity-powered shuttle cars impose several limitations and drawbacks to the
underground mine operation (Paterson and Knights, 2012). Trailing cables reduce the
flexibility and mobility of the haulage units. The maximum haul route length is limited to
200-250 m (~600-750) ft and it should be kept within this range to reduce the change-out
delays. Electricity-powered haulage units must always return along the same path and
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must not pass the route of the other unit to not run over each other’s cable. At some
points, trailing cables restrict the mine geometry by adding more entries while trying to
reach to farther entries. On the other hand, battery-powered haulage units could fit better
to the variable on-demand requirements related to the geometry and physical
characteristics of the panel. This is because battery-powered shuttle cars would be able to
move in any direction and pass each other’s route without any interference in a case of
need. This advantage permits the cable-less shuttle cars to choose the best haul path to
reduce the haulage timing cycles.
In addition to mobility problems, cable faults, cable wear, and cable handling
issues are the other major problems with the trailing cables (Gunderman, 1980; Hrebar,
1944; Paterson and Knights, 2013). Based on the study conducted by (Paterson and
Knights, 2013), 15% of the electricity-powered haulage unit maintenance was due to
trailing cable issues and electrical faults. Battery-powered shuttle cars eliminate the
cable-maintenance delays and associated costs. Battery haulage units could save $25,000
per year on cable maintenance (Chugh et al., 2003) .
Articulation steering is a big potential which could be added to the batterypowered haulers. The articulation feature makes the hauler more maneuverable, as
compared to shuttle cars, by allowing efficient operation in difficult bottom conditions.
This feature keeps the hauler from high-centering on the undulating bottom (Fiscor,
1998). Furthermore, an articulation steering system could allow for building a longer
shuttle car, resulting in higher load capacity. In the same coal seam height, battery-
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powered shuttle cars could load 10% to 15% more coal compared to the electricitypowered ones (Fiscor, 1998).
With recent advancements in battery technology, Joy Global has incorporated a
battery propulsion system into three types of its coal haulers, BH-10, BH-18, and BH-20,
for different seam-height applications, which could work up to 16 hours under ideal
conditions. Although battery-powered haulers provide several advantages, they introduce
some drawbacks.
First of all, the cost of using battery haulers is higher than the trailing cable
versions. Battery haulers require auxiliary equipment such as 2-3 extra batteries, a
charging station, and maintenance tools. Secondly, batteries add more weight to the
haulage units, which results in increasing the energy consumption and decreasing the
hauler performance. Greenhill and Knights (2013) have shown that, for a flat haul road,
an increase of 6.25% in weight causes an increase of 1% on cycle time. Thirdly, battery
change-out time is a major limitation on the haulers availability, which interrupts the
mining operation to some degree. It takes the hauler approximately 20 to 30 minutes to
change out the battery (Fiscor, 1998). Under normal conditions, a fully-charged battery
must run for a full working shift without being changed out. The performance and
availability of battery haulers deteriorate when the mine encounters bad conditions. In the
worst case, the battery would probably need to be changed out at mid-shift. An efficient
battery-swap mechanism should be considered to reduce the battery change-out time.
Declining battery life is another big issue. The correct way of utilizing batteries in
the haulage cycle per unit is to have one battery in operation, one in charge, and one
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cooling after charging. Since a battery pack is expensive, some operators use two
batteries per unit rather than three to save money. This situation on saving money often
makes a battery surpass its proper working time and exceed its recommended service
temperature because of overwork, which can cause damage to the battery and reduce its
cycle life.

Table 2-1 lists the advantages and disadvantages of employing battery-

powered haulers in coal mines.
Based on the above discussion, battery-powered shuttle cars seem to be a
comprehensive solution increasing productivity on in a room-and-pillar haulage operation
if the battery issues can be resolved. Table 2-1 summarizes the strengths and weaknesses
of battery-powered haulage units used in underground coal mines during the last decade,
as acquired from Myors (1998). Most of the issues mentioned in this table have been
improved with recent advancements in battery technology.
Joy Global currently has incorporated a long-life battery propulsion system into
three types of its coal haulers, BH-10, BH-18, and BH-20 which could work up to 16
hours under ideal conditions. Two models of a Caterpillar face hauler, FH-110 and FH120, are also powered with a powerful lead-acid battery.
In an attempt to evaluate the performance of new battery technologies for use in
underground mining, the duty cycles of shuttle car has been studied in this thesis.
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Table 2-1 Battery Powered Coal Hauler Advantages and Disadvantages (Myors, 1998)
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Chapter 3. LITERATURE REVIEW

The literature review of this dissertation has two main objectives: First, it
provides a background on underground coal mining haulage systems for the reader who
might not be familiar with underground coal mining.Second, it reviews the previous
research and methodologies pertaining to the characterization of mobile mining
equipment in underground operations.

3.1

Brief Description of Underground Coal Mining
An underground coal mining operation consists of two main functions of coal

production/excavation and coal haulage. The coal is produced at the “face” of entries and
crosscuts. An underground coal mine panel, or section, depending on how big it is, might
consist of several faces. Two major methods of coal mining are: 1. Longwall mining,
which has one long face as shown in Figure 3-1; and 2. Room-and-pillar mining with
multiple narrow faces as shown in Figure 3-2. There is an even split in the percentage of
coal produced by each system in underground coal mining in the U.S. The mining
operation is set up in panels, which would be the width of the face in a longwall mining
or the width of the mining section in the room-and-pillar operation. In room-and-pillar
operations the panel consists of several headings or entries, joined by cross cuts at certain
intervals.
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Figure 3-1 Longwall mining

Figure 3-2 Room-and-pillar mining

Mined coal is transported from the face to the surface through use of haulage units
on the section, which dumps on a section belt conveyor that, in turn, connect to a minewide belt-conveyor system. In room-and-pillar mining and also in the development
sections of longwall panels, mined coal is moved from the face to feeder breaker and
panel/section conveyor by either batch or continuous haulage equipment. The feeder
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breaker is the inlet to the conveyor belt; itbreaks the coal into smaller pieces and it
usually sits 100-150 m (300 to 500 feet) away from the face. This study focuses
exclusively on coal mine shuttle cars utilized in such an operation.

3.1.1 Room-And-Pillar Mining
In the room-and-pillar mining method the pillars of coal are left behind the mined
area to support the load above the openings (rooms) mined by the continuous miner
(CM). Rooms are also called “entries” or “crosscuts.” Room width varies between 4.2-6.1
m (16 and 22 ft) in width. A 6-m (20-ft) room width is the most common size entry. Pillar
sizes might be changed depending on roof conditions and the depth and/or thickness of
the coal seam. Deeper mines require a bigger pillar size to support the overlying
overburden. The height of the face varies with the height of the coal seam, although in
thin-seam mining additional roof rock is often mined.
Room-and-pillar sections typically have as few as three or as many as fifteen
parallel entries. Entries are connected at regular intervals, usually by perpendicular rooms
called “cross cuts.” Pillar size can be determined by the spacing of entries and crosscuts.
Entries and crosscuts are mined with a continuous miner in several small segments called
“cuts.” Depending on roof conditions, each cut varies in depth from 1.5 to 12 m (5 to 40
ft). Deeper cuts generate more dust due to limited auxiliary ventilation to support the
dead-end in the face. MSHA regulations must be met by dust control and ventilation
requirements. A 25-foot cut is the most common cut depth. Haulage unit size is
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determined based on the pillar size, the room width, the cut depth, and the height of the
coal seam.
Figure 3-3 shows a typical cutting sequence for a 7-entry room-and-pillar mining
section. The panel advances one lineal crosscut distance by completing 26 cuts. The
section’s infrastructure, such as the conveyor belt and the power center, are moved
forward regularly by advancing two to three cross-cut distances (depending on the width
of the panel).

Figure 3-3 Cutting sequence in room-and-pillar mining

3.2

Shuttle Car Operation
The shuttle car is utilized to haul coal from the face to the feeder breaker. Coal is

loaded into a shuttle car by the continuous miner (CM), and then it hauls coal to a dump
point where a feeder breaker transfers it onto the panel conveyor belt. The number of
shuttle cars in the haulage operation depends on the mine plan. Shuttle cars must
periodically wait for each other a brief amount of time to make the haul path free because
entry widths and car sizes make it impossible for cars to pass each other in the same
entry. This limitation results in a change-out delays.
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3.3

Previous Studies and Measurements
This section presents a review of the previous studies performed in the area of

developing and characterizing the duty cycle of hauling equipment in an earthmoving
operation.

3.3.1 CANMET Study
The Canada Centre for Mineral and Energy Technology (CANMET) has
measured the duty cycle of four different mine vehicles (load-haul-dump, shuttle car (or
coal hauler), battery-powered locomotive, and robotic vehicle) in seven different mines
(Desrivères and Bétournay, 2002) for the future design of a fuel cell-powered
underground mining haulage vehicle. The studied vehicles covered a mix of diesel fuel
and electric-powered vehicles in different sizes. The developed duty cycles for coal
haulers as well as the list of studied vehicles are provided in appendix A.
Each duty cycle case study includes real-time power requirements during different
operations (e.g., loading, loaded tram, unloading, and empty tram). The mean power
during each work segment, the mean power for the entire duty cycle, and the total energy
are presented.

3.3.2 Southern Illinois University face haulage system time study
(Chugh et al., 2003) evaluated the performance of the three most common face haulage
systems, 1. cable shuttle car, 2. diesel ram-car, and 3. battery ram-car, in eight different
coal mines based on a time study in the Midwest coal seams of the Illinois Basin. The
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result of this study is provided in appendix B. Among the eight studied coal mines, the
characteristics of only two mines are provided in the published report, which are briefly
discussed here.

3.3.2.1 Mine A
Mine A is a room-and-pillar super-section with two continuous miners per section and
four battery ram-cars running in the haulage system. The panel consists of eleven entries
on 60-foot centers, crosscuts on 60-foot centers, and a 20-foot entry width. It advances
four crosscut distances between belt moves.

3.3.2.2 Mine B
Mine B is a longwall development operation running with two cable shuttle cars. The
average coal seam height is 7 feet. The panel consists of three 16-foot-wide entries on 65foot centers with crosscuts on 150-foot centers. The feeder and section belt are located in
#3 entry. The average cut depth is 26 feet.

3.4

Measuring the Duty Cycles
A preliminary literature survey was conducted on both on-road and heavy-duty

off-road vehicles in order to find reasonable solutions for determining the duty cycle. A
torque-measuring flange could be mounted in the driveline between the engine and the
transmission as a first, but not an easy solution. This method is expensive, difficult to
implement, and needed significant drivetrain modification. Earthmoving and construction
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machinery are usually difficult to access and equipment owners are usually reluctant to
modify the vehicle. In mining applications, particularly, all modifications need to be
approved and certified by the Mine Safety and Health Administration (MSHA), which is
the mine safety regulatory agency in the U.S. This approval process usually takes a long
time and needs frequent inspections, thereby delaying the production, which makes
mining companies avoid this process and related downtime. However, there are other
affordable options for duty-cycle measurement that will be reviewed in the following.

3.4.1 Developing Duty Cycle from the Driving Cycle on Non-mining Vehicles
The power and energy demand of urban and highway vehicles could be calculated
from its driving cycle2 (O’Keefe, Simpson, Kelly, and Pedersen, 2007). The driving cycle
of a highway vehicle could be found from its speed-versus-time profile. Calculations
could be done based on the longitudinal-dynamics model of the vehicle (Gillespie, 1997).
The rolling friction FF, the inertia force mdv/dt, and the road grade force FG are acting
forces applied to the vehicle. Power consumption would be calculated from the acting
forces and speed variation. The driving cycle and vehicle specifications could be
imported in the vehicle system analysis simulators generating a fully-detailed view of the
vehicle operation. The National Renewable Energy Laboratory (NREL) of the U.S.
Department of Energy has listed highway duty vehicle system analysis simulators in its
website. (NREL, 2012). Among them, ADVIAOR, which is a MATLAB/Simulink-

2

the term “driving cycle” refers to speed-versus-time profile; whereas, “duty cycle” refers to powerversus-time profile
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based simulation program, could be used for the performance and fuel-consumption
analysis of light- and heavy-duty vehicles with conventional (gasoline/diesel), hybridelectric, full-electric, and fuel-cell power-trains (ADVISOR® Software for Advanced
Vehicle Energy Analysis, 2012).
Besides knowing the technical specifications and the driving cycle of the vehicle
of interest, the test route condition and the components of the duty cycle, which could
also be named as missions, should be given to the software in order to determine the
power consumption through simulation.

3.4.1.1 Methodologies for Developing the Driving Cycles
The driving cycle is the speed history of the vehicle. Collecting the speed data
through the vehicle on-board data port is a time-saving and affordable solution if this port
is available. Currently, all vehicles are equipped with an on-board electronic speed
measurement system and the speed data could be retrieved from the Engine Controller
Unit (ECU) through the available data port provided in the vehicles. However, accessing
the ECU information could be an issue for earthmoving vehicles. The available
information on the ECU could be considered as confidential and is not released by the
manufacturer because of the highly-competitive environment of this industry. In the case
of not having access to the on-board speed measurements, additional devices could be
used to measure the vehicle speed, as follows:
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1. An encoder could be installed on the vehicle wheels to measure the rotation of the
wheel through time (Montazeri-Gh and Naghizadeh, 2003).
2. An auxiliary ground-contacting wheel could be installed on the vehicle and then
the rotational speed of the auxiliary wheel would be measured. This approach is
not accurate since the auxiliary wheel underestimates the true ground speed due to
slip between the tire and tractive surface (Al-janobi, 1996). This study has shown
that the magnitude of this slip was inversely related to the firmness of the soil
surface (Tompkins et al., 1985).
3. A global positioning system (GPS) unit could be mounted on a vehicle to capture
the location of a vehicle in real-time. Several papers have focused on the speed
measurement of a tractor in agricultural applications (Pexa et al., 2011) and urban
electric vehicles (Shahidinejad et al., 2010) by implementing a GPS in the car.
However, the GPS system is unsuitable for underground applications since no
signal could be transmitted between the GPS unit and the satellite.
4. An inertial measurement unit (IMU) could be installed on a vehicle. An IMU is an
electronic device that measures the craft's velocity, orientation, and gravitational
forces, using a combination of accelerometers and gyroscopes, sometimes
also magnetometers.
Calculating the power consumption of earthmoving vehicles based on the driving
cycles suffers from the flaw of underestimating the hydraulic power during the loading
and unloading cycles. As earthmoving vehicles consume abundant power for running the
hydraulic pump, the hydraulic pump power consumption should also be modeled and
included in determining the duty cycle (Bradley, Huff, and Frank, 2005). Similar to
vehicle speed data, the information related to a hydraulic pump motor, such as amp and
voltage, plus pressures and flow rates in the valves are monitored and sent to the ECU for
processing. In a case where retrieving the hydraulic pump data is not possible through the
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ECU, the electric motor which drives the pump has to be instrumented. Power
transducers are able to monitor the amount of power which an electric motor takes in. If
the unit allows for monitoring the generated/consumed power through the ECU, then the
total power consumption could be monitored and used for determination of the duty
cycle.

3.4.2 Developing of Duty Cycle from the Accessible Parameters on Electric
Control Unit
Nowadays, mechanically-injected fuel engines are replaced by electronicallycontrolled engines. The Electric Control Unit (ECU) controls diesel engines or electric
motors in order to keep the system at its optimal performance point. As shown in
Figure 3-4, an array of sensors and actuators communicates and transmits messages with
the ECU via a communication line named the CAN 3bus. Utilizing the CAN bus
intercommunication reduces the size and complexity of wiring. Aspects of the CAN bus
message such as vehicle speed, fuel consumption rate, and door status might be displayed
in the driver's cab. The other message in both high-and low-priority (i.e. engine
performance message or suspension system parameters) might also be accessible through
an assigned diagnostics port on the vehicle. In other words, the determination of duty
cycles would

require less effort with the growth of vehicle intercommunication

technology and the availability of a CAN-bus interface plug on the vehicle.

3

Controller Area Network
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Figure 3-4 Schematic drawing of a typical CAN bus communication architecture, (
http://warwickcontrol.com)

3.4.2.1 CANbus on Heavy Duty Vehicles
The SAE4 J1939 CAN bus is a standard protocol adopted in heavy-duty dieselpowered vehicles for on-board diagnostics (SAEJ1939, 2012). The J1939 CAN bus can
be configured to read RPM, engine load, throttle position, inlet fuel/air ratio and many
other parameters. The reason for collecting information on these parameters is to
optimize the control of the engine emissions for different applications. Logging CAN
messages might be an easy solution; however, interpreting messages to a meaningful
parameter value could be an issue. A scanner device could be attached to the CAN-bus
interface port in order to monitor the messages. The device can be configured to capture
the parameters of interest and save them in a specified format. Different types of
commercial CAN-bus data loggers could either save data on a memory card or transfer it
4
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via wifi to the laptop acquiring the real-time data.

These units were used for

measurement of the performance parameters of underground haulage units in the current
study.
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Chapter 4. DEVELOPMENT OF THE DUTY CYCLES FRAMEWORK

The goal of this research is to measure power and energy consumption of various
shuttle cars working in different haulage operations in order to characterize the developed
duty cycles based on the haulage operation features. To reach this goal, the following
steps were taken to characterize the duty cycle of a shuttle car:
1. Determine the haul-road condition such as grades and rolling resistance.
2. Learn the haulage operational characteristics such as the utilization, number of
haulage units in operation, capacity of the haulage units, number of haulage trips
per cut, advancing rate, frequency of stops and starts during the the haulage
cycles, and the haulage distance.
3. Review the mine geometry such as the entry and crosscut spacing, the room
width, the depth of cut, and the coal seam height.
4. Time the haulage cycle and waiting times.
5. Calculate the tramming speed, the loading rate, and the dumping rate.
6. Measure the power/energy consumption of the shuttle car and determine the status
of the machine.
This chapter describes those parameters that affect shuttle car duty and timing cycles, and
then it explains the methodology and case studies chosen to develop the duty cycles.
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4.1

Determine Haulage Operation Condition
The haulage operational conditions change continually along the haul path. The

parameters described below would change the haulage operational conditions and should
be accounted for in the study.

4.1.1 Rolling Resistance
Rolling resistance (RR) is the most important haulage operational characteristic
and a critical factor in determining power/energy consumption and travel time. RR of
unpaved roadways is changing due to the softness of the roadway and the existence of
water as well as the pressure of air in the tires. RR is a difficult parameter to measure in
the field. A towing test on level ground at a constant speed is a simple test to determine
RR. Estimation of RR by empirical approaches requires visual inspection of the road for
corrugations, rutting, and gravel loss among other characteristics. The most common RR
prediction method in earthmoving operations is based on an empirical approach offered
in the Caterpillar Performance Handbook. The formula is given in Equation 1.

RR = 2% + 1.5% per inch tire penetration

Equation 1

In addition to the empirical approach, researchers have developed on-board
sensing systems employed in earthmoving equipment to predict the real-time RR.
Thompson et.al. (2003) developed a monitoring system for mine trucks based on the GPS
system and tri-axial vibration sensors detecting road defect vibration signatures.
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Measured RR values would be used in commercial haul-road management software (e.g.,
Caterpillar’s Vital Information Management System (VIMS) and Truck Production
Management System (TPMS)) to optimized the operation of haulage units.

4.1.2 Grade Resistance
Grades are measured in percent slope. The slope of a haul road changes within a
coal seam. This parameter is determined from the mine map contour lines and the grade
is determined by Equation 2, as follows:

Equation 2

4.1.3 Utilization
Utilization indicates the extent to which a machine is used when it is
mechanically available. Mining equipment utilization is not only a vehicle usage
indicator, but it also represents an overall production efficiency metric; therefore, mine
operators usually keep track of their equipment utilization to monitor and improve the
efficiency of their production. Utilization is calculated as the time a machine is
producing, or utilized, times 100% divided by the total time available for production on a
shift. In underground mining application, utilization may be measured by time studies
using a stopwatch or it may be calculated by modern haulage fleet management software,
which requires input data from studies. In this study, utilization is calculated as the time a
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machine is utilized devided by machine availability. Machine availability is the amount
of shift time, in percent, that the machine is available for production. The shuttle car
pump switch is monitored to determine whether the equipment is able to run.
Shuttle car utilization varies between different mine operations. Shuttle car
utilization is highly dependents on the haul road conditions, downtime characteristics on
a given shift, and equipment age. At peak times, utilization is between 70% and 80%,
while it could drop to 20% - 30% under extreme haul road conditions or inefficient
operation. Lower utilization could result from low haulage efficiency due to:
1. Poor haul road condition due to inadequate road maintenance which may
limit speeds and increase stop-start time frequency,
2. Poor condition of vehicles or inadequate driver skill,
3. Lack of efficient operational management,
4. Frequent inspection and/or maintenance, and
5. Extreme face conditions in terms of cutting and roof support, which adds
more delays to the cutting sequence and limits the haulage operation.

4.2

Data Acquisition System and Sensor
In an attempt to collect the desired duty-cycle information from Joy shuttle cars and
monitor the machine status, two different data acquisition systems (DAS) were
employed. The first DAS unit was installed on the shuttle car electric controller
module. This unit was recording the machine’s operating parameters such as motor
voltage and current which were available on CAN. Another DAS unit was mounted
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on the power center (or rectifier) to which the shuttle car is connected. This unit was
measuring the power (or DC current) drawn by the shuttle car through the trailing
cable. The measurement of two DAS units can be compared with each other to check
the consistency of the results.

The summary of selected DAS units is offered below. Detailed information regarding
the data acquisition systems are provided in following sections.
1. A Kvaser Memerator Pro CANbus data logger is connected to the shuttle car’s
VFD master control box,
2.

A DC current transducer and a DT82I data logger are installed inside the power
center to monitor the trailing cable current.

4.2.1 DAS #1: Kvaser Memerator Pro CAN logger
The first DAS unit was selected based on the availability of the CAN port on the studied
Joy shuttle car’s electric driving system. Joy shuttle cars were driven by a Saminco
Variable Frequency Drive (VFD) system. The Saminco VFD system is equipped with the
CAN-bus system which consists of 4 motor controller modules (Tram1, Tram2, conveyor
belt, and pump), one diagnostic display, and a master control box. The master control box
is an interface from customer controls and system control input. It distributes control
signals to each motor controller and monitors several parameters in the system. For the
monitoring purposes, the digital diagnostic display is also connected to the system. The
handheld programmer is a tool used for troubleshooting and changing parameters of the
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system. Available parameters on Saminco’s CAN bus, which are listed in Table 4-1,
could be recorded by Kvaser Memerator CAN logger.
Table 4-1 AvailableparametersontheSaminco’sCANbus

Tram/Pump/Conveyor Motors Armature Voltages
Bus Voltage
Tram/Pump/Conveyor Field Currents
Accelerator Pedal Position
Tram/Pump/Conveyor Output Currents
Conveyor Knob Position
Tram/Pump/Conveyor Heat Sink Temperatures
Pump Switch

The Kvaser unit was placed inside the shuttle car electric panel, where the VFD
system and master controller box are located, and then it was wired to the master control
box where digital display is connected (Figure 4-1 and Figure 4-2 ). The detailed wiring
of the Kvaser data logger to the master controller module is provided in appendix H.
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Figure 4-1 DAS #1 connected to master controller module of shuttle car

The Kvaser CAN logger was powered through the master controller module and it
did not require driver interaction. The Saminco CAN protocol sends out the motor
messages at a rate of 6Hz. The Kvaser logger was configured to record all data at the
same rate of 6 Hz and time-stamped them. CAN messages were stored on a 4-Gigabyte
SD card to be retrieved every two or three weeks by the author.
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Figure 4-2 Picture of Wiring of Kvaser CANbus logger to Saminco master controller module

4.2.2 DAS #2: Trailing Cable Power data recorder
The second data acquisition system was installed at coal mine B. Shuttle cars are
powered with 550VDC power at mine B. A high-voltage three-phase AC power was
converted to 550VDC power by the rectifier where shuttle cars were plugged in; then, the
550VDC power was converted again to AC power inside the shuttle car to power up the
shuttle car VFD system and four motors. As shown in Figure 4-3, a large-aperture DC
Current Transducer with the model number of DT7-420-24U-U-DL was snapped to the
DC line of the trailing cable inside the rectifier. The input range of the DC current
transducer was 0-750A and the output was 4-20mA.
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Figure 4-3 Schematic drawing of DAS #2 mounted on Rectifier at Mine B

The programmable DT82I data logger was recording the DC current data with a
sampling rate of 2Hz on a thumb drive to be easily retrieved every two or three weeks.
The storage mechanism was chosen based on the changeable thumb drive and the SD
card to reduce the equipment downtime. Figure 4-4 illustrates the installation of the data
logger inside the rectifier.
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Figure 4-4 Picture of Data logger mounted in Rectifier

4.3

Shuttle Cars in the Case Study
Among six available shuttle cars in the face haulage operation of mine A and B,

two similar 10SC32B types in mine A and two similar 21SC04 shuttle cars in mine B
were selected and instrumented for this study. The model numbers of test case shuttle
cars and their specifications are presented in Table 4-2.
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Table 4-2 Case work shuttle cars and their specifications (courtesy of Joy Global)

4.4

Pre-Installation and Testing
The selected DAS units were tested outside of the coal mines before installation

in order to evaluate their performance. The measured data was examined and was fine
and compared to the benchmarks for verification.

4.4.1 Kvaser CAN Logger Testing
The Fairchild scoop utilized in mine A was driven by the similar Saminco VFD
system installed on Joy shuttle cars coming with the same CAN messaging protocol. The
programmed Kvaser CAN logger was connected to the CAN data port of the Fairchild
scoop to test the logger. The port was located on the diagnostic display in an aluminum
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enclosure inside the driver cabin (Figure 4-5). The scoop driving system was a 128V
Battery / AC system consisting of a VFD tram drive and VFD pump drive in an explosion
proof enclosure, a 75HP 80V AC traction motor and a 24HP 80V AC pump motor.

Figure 4-5 Picture of Connecting Kvaser CAN data logger to a scoop

The scoop driver was asked to perform different tasks for 5 minutes to verify the
collected messages. Then, the collected messages were converted from binary to decimal
numbers to represent a meaningful parameter. The results of this trial run are shown in
Figure 4-6 and Figure 4-7.
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Figure 4-6 Collected tram motor CAN parameters from Fairchild Scoop
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Figure 4-7 Collected pump motor CAN parameters from Fairchild Scoop
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4.4.2 Power Transducer Data Collecting System Testing
The pump station of mine A was instrumented to evaluate the power transducer
data collection system (Figure 4-8).

Figure 4-8 Barbara Mine Pump Station

3CT power transducers were snapped to the three-phase AC lines of the pump
motor inside the electric panel (Figure 4-9 and Figure 4-10). The 4-20mA signal wires
and 24VDC power supply wires were wired to the data logger and AC-to-DC adapter,
respectively.
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Figure 4-9 Picture of 3CT Power Transducer Installation for Trial Purposes on Water Pump

Figure 4-10 Picture of Barbara Mine Pump Station Electric Panel and Data Collection System

The pump was switched on and off while DataTaker was recording power data.
The plot of recorded pump power data is shown in Figure 4-11. The power consumption
of the pump was also displayed on the electric panel LCD. The displayed power
consumption on the LCD was approximately 140kW. As Figure 4-11 illustrates, there is a
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good match between the measured power and what the LCD was displaying on the
electric panel.
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Figure 4-11 Power Transducer Data Collection Testing on Pump Station

4.5

Case Studies and Mine Layouts

4.5.1 Mine A
Mine A is a room-and-pillar operation with a 7-entry standard section. The face
haulage system consists of three JOY electricity-powered 10SC32B shuttle cars with a
15-tonne capacity. The mine operated with two production shifts and a maintenance shift
per day, 10 working hours per shift, and 6 days per week.
Figure 4-12 presents two different scenarios of coal haulage (study area #1) and
rock haulage (study area #2) examined in mine A. Mine A has been forced to cut through
rock for almost 6 months due to the change in the geological condition of coal mine A
from coal to rock. The mining plan and operation have been altered consequently.
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Figure 4-12 Mine A studied areas

4.5.1.1 Mine A - Study Area# 1 – July 15th through July 18th
Haulage cycle data were collected in four days from July 15th, 2013 through July
18th, 2013. The collected data covered 11 shifts and 35 shuttle car trips per shift on
average. The study area #1 of mine A has 6-8 entries spaced at 55-foot centers from each
other with crosscuts at 65-foot centers as shown in Figure 4-13. The entry width is 20
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feet. The panel was advancing three crosscut distances between belt moves. The feeder
was located at #3 Entry. The average cut depth was 22 feet. Mine A employed two
electricity-powered shuttle cars and had a third shuttle car as a spare haulage unit which
may be used on the long haul paths. On average, the seam height was approximately 77
inches. The studied panel is angled around #4 Entry. This situation made the loaded
shuttle car tram 10% uphill from the CM to the feeder breaker through the intake entries
(Entries #1, #2, and #3) and tram 15% uphill through the intake crosscuts (Area B). On
the other hand, the loaded shuttle car trammed 10% and 15% downhill through the return
entries (Entries #4, #5, and #6) and return crosscuts, respectively (Area A). Since the
thinner part of seam was encountered, the miners had to cut roof rock in Area C to get as
much coal out of the panel as possible and make it compatible for further extension.
Figure 4-12 provides the elevation contour lines in mine A that can help visualize the
slopes for traveling in the panel.
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Figure 4-13 Mine A, study area#1 layout

4.5.1.2 Mine A - Study Area# 2 – July 22th through September 12th
In scenario #2, mine A was cutting through rock. The collected data covered 58
shifts and 798 shuttle car trips. The mining section has 3 entries spaced at 55-foot centers
from each other and varying crosscut spacing depending on the roof condition as shown
in Figure 4-14. The number of entries and crosscuts were decreased to minimize rock
cutting in the roof as much as possible. The entry width was 20 feet. The feeder breaker
was located at #2 Entry. The loaded shuttle car was tramming 15% - 17% uphill from the
CM to the feeder breaker.
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Figure 4-14 Mine A, study area # 2 layout

4.5.2 Mine B
Mine B is a room-and-pillar operation with standard section. The face haulage
system consisted of three JOY electricity-powered 15SC shuttle cars with a 9-ton
capacity.
Mine B produces 800K tonnes per annum. On average, the seam height was
approximately 66 inches. The mine operated with two production shifts and one
maintenance shift per day, 10 working hours per shift, and 6 days per week. Figure 4-15
shows three different areas studied in mine B. The handled material was coal for all three
cases in Mine B.
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Figure 4-15 Mine B, #1, #2 and #3 study areas, mine layout

4.5.2.1 Mine B - Study Area #1- September 19th through September 26th
Haulage cycle data were collected in one week from September 19th, 2013
through September 26th, 2013. The collected data covered 19 shifts and 475 shuttle car
trips. The studied panel had 7-9 entries spaced at 55-foot centers with crosscuts on 65foot centers. The entry width was 20 feet. The panel was advancing a four crosscut
distance between belt moves. The feeder was located in #4 entry. The average cut depth
was 24 feet. A typical cut sequence is shown in Figure 4-16 and the #1 studied area
layout is shown in Figure 4-17.
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Figure 4-16 Cutting sequence in room-and-pillar mining

Figure 4-17 Mine B, study area # 1 layout

4.5.2.2 Mine B - Study Area #2 – November 22th through December 19th
Data were collected for four weeks from November 22, 2013 through December
19, 2013. The collected data encompasses 21 shifts and 431 shuttle car trips. The mining
operation faced a difficult situation during work in study area #2. The faces of the panel
in #1 through #4 entries caved in and this incident trapped one of the continuous miners.
The cooperating mine started mining from the other side of the panel to get to the trapped
CM in order to recover it. The mining operation, roof condition and haul road condition
deteriorated in this area. The feeder breaker location is shown by a green pin in
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Figure 4-18. Shuttle cars had to tram 500ft to 700ft to get to the caved-in area. The cable
length limitation was a big issue in this scenario. The haul road condition was extreme for
the first 150 ft part of the road in front of the feeder breaker. The haul road condition
along the two following crosscuts next to the feeder breaker, which is indicated as A1
area in Figure 4-18, was extremely muddy (10 inches of tire penetration). The roadway
slope was about 3% uphill from the feeder breaker to the CM. The rolling resistance was
estimated as 16% to 18% for this part of the haul road. After passing two muddy
crosscuts, the haul road condition was still difficult to run the shuttle car. The severe
bottom undulation and the bumpy road presented challenging conditions for the shuttle
car to run in this area. The described situation of the #2 study area plus to the long
distance of haul road pushed the cooperating mine to employ two shuttle cars with a
scoop in series to haul coal from the face to the feeder breaker. The haulage operation
was arranged so that the first shuttle car was hauling coal and then unloading coal to the
second shuttle car midway, then the second shuttle car was dumping coal on the floor
behind the A1 area in order for the scoop to collect it and rehandle the coal to the feeder
breaker. The haul road in A2 area was still soft with dispersed spots where water had
gathered. The tire penetration was observed as 4 to 6 inches in the wet spots. The rolling
resistance was estimated as 12% to 15% for this part of the haul road. For the rest of the
roadway up to the CM, the haul road bottom was firm with a 4% uphill slope.
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Figure 4-18 #2 study are layout - Mine B

4.5.2.3 Mine B - Study Area #3
The mine operation changed back to a normal operation in study area #3.
Generally, the haul road slope was 3% uphill from the feeder breaker to the CM with 1%
uphill slope in the #1, 2, 3, and 4 crosscuts and 5% uphill slope in the #5, 6, and 7
crosscuts. The layout of study area #3 is presented in Figure 4-19. The roadway was
mostly firm for the entire haul path except for the two following crosscuts next to the
feeder breaker which were bumpy and muddy (2-inch tire penetration). The shuttle car
average tramming speed was reduced from 6.5 ft/s to 4.8 ft/s when it was travelling
through these cross cuts. The average loaded and empty tramming speed was 5.4 ft/s and
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7.7 ft/s, respectively. The maximum tramming speed of 8.6 ft/s was attained during
empty tramming. The rolling resistance of 6% to 7% was estimated for the normal haul
roads and 8% to 10% for the muddy/bumpy sections.

Figure 4-19 #3 study area layout – Mine B
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Chapter 5. DATA ANALYSIS TOOLS

This chapter discusses the programming of the CANbus data collection system
and the programs developed for the analysis of the collected data in MATLAB software.

5.1

Kvaser Memorator Professional Setup Tool
As mentioned before, Kvaser Memerator is a CAN device which communicates

with the CAN bus on the shuttle car to receive CAN messages. The following section
introduces the configuration procedure on Kvaser Memerator in order to record and
interpret the messages to decimal values.

5.1.1 CAN Bus Parameters Configuration
To be able to record CAN messages, it is important that the CAN device is
configured correctly to transmit and receive messages.

The CAN-bus configuration

parameters are:


Bus speed: This parameter defines the bit rate at which messages are transmitted.



Sampling point position: This parameter continuously synchronizes the CAN bit
timing between different devices connected to the CAN bus.



Synchronization jump width (SJW): This parameter is used to adjust the CAN
device bus clock. The CAN controller may change the length of a bit by an
integral number between 1 and 4.
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Number of samples per bit: This property specifies the total number of samples
available to the CAN channel.



Acknowledge mode: Defines whether the CAN device acts as only a receiver
(Silent mode) or it transmits messages as well (Normal mode).

The bus speed on Kvaser Memorator must be configured to the same speed as the
Saminco CAN bus bit rate. Usually mining products run at a bus rate of 250
Kbits/second. The position of the sampling point usually depends on what kind of CAN
controller is used on the hardware. The sampling-point position is set at 60/40% of a bit
and it becomes more critical if noise immunity is needed. SJW was also set to 1.

5.1.2 Define and Filter Messages
CAN messages are 0 - 8 byte messages in size. Depending on the equipment type,
up to 20,000 messages/second could be broadcasted by the CAN bus. Therefore, received
CAN messages were filtered based on the message identifiers to limit the number of
recorded messages; otherwise, the SD card could be filled very quickly. After filtering
the messages, binary CAN messages were converted to time-series signals using the
protocol which Saminco engineers provided. In the last stage, the time series signals were
saved as a Comma Separated Values (CSV) file format to be imported into the Matlab
program for further analysis.
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5.2

Duty Cycle Generation Tool
The Duty Cycle Generation tool was developed with MATLAB which generates

the shuttle car duty cycles from the imported time-series signals explained in the previous
section. The first part of the program takes the time-series signals, partitions them into a
sequence of discrete segments, and then assigns labels to each segment. Each label
represents one of four work segments of the shuttle car duty cycle; they are: 1. Empty
tramming, 2. Loading, 3. Loaded tramming, and 4. Unloading.
Duty cycles were identified using the MATLAB change-point detection and
algorithm. The

change-point

detection

algorithm tries

to

identify

changes

in

the characteristics of the signal, such as the mean value of the signal, the area underneath
the signal, the root mean square (RMS) value, the variance, and peak-to-RMS.
Figure 5-1 illustrates a sample window of the driver reference input containing
three signals of the accelerator pedal position (APP), conveyor knob position (CKP), and
pump switch with explanations as given below:


The blue line indicates the position of the driver accelerator pedal. The
corresponding value changes from 0 (idle position) to 255 (full position),



The red line represents the conveyor knob position (CKP) and the corresponding
value changes from 0 to 125, and



The green line represents the pump switch status with two values of 0 and 100.
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Figure 5-1 Screenshot of data for shuttlecardriver’sinput signals

CKP and APP signals were chosen to identify the components of the duty cycles.
As Figure 5-1 presents, the CKP signal changes aggressively between zero and the
maximum value during the loading cycles. In other words, the loading cycle encompasses
several short durations and a spiked CKP signal. On other hand, the CKP signal changes
as steps during the unloading cycles. Unloading cycles include longer-duration CKP
signals with varying amplitudes. That said, the area underneath

the CKP signal is

selected as the change-point detection feature which classifies the loading and unloading
cycles. Figure 5-2 illustrates how well loading cycles are classified from unloading cycles
when the area underneath the conveyor position signal is used as the detection feature.
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Figure 5-2 Plot of #1 Classifier: Area under conveyor signal during loading and dumping cycles

The mean-to-peak ratio of the CKP signal could also be used as a classifying
feature. Figure 5-3 is represented in a format where the x-axis refers to the area under the
signal, and the y-axis refers to the peak-to-mean ratio of the CKP signal.
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Figure 5-3 Plot of #2 Classifier: Mean-to-peak ratio of conveyor signal during loading and unloading
cycles

Once the loading and unloading cycles are identified, the portions of the signal
between the aforementioned two segments represents the tramming cycles. Based on the
fact that the empty tramming cycle come after the unloading cycle, and similarly, the
loaded tramming cycle follow the loading cycle, the cycle label assignment task can be
completed.

5.3

Duty Cycle Analysis Tool
After labeling the various components of the entire work cycle, statistical analyses

were performed on the cycles to provide the duty cycle parameters required for battery
sizing. The duty-cycle analysis tool creates multiple plots that are used to explore the
relationship between the duty-cycle parameters using visualization techniques such as
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scatter plots and histograms. The studied duty cycle parameters are discussed in the
following sections.

5.3.1 Cycle Time
The cycle time is the first and most basic information needed for any subsequent
analysis. The programs developed for identification of the cycle components allow for
calculation of the time allocated for each component of the entire cycle and for the total
cycle time, which was the sum of the loading, tramming, unloading, and return
components.

5.3.2 Analysis of Energy Consumed in Each Cycle
5.3.2.1 Required energy (kWh) per haulage trip
Battery manufacturers need to have a clear understanding of the required energy
for a haulage trip and the number for trips to size the capacity of the battery. The number
of shuttle car haulage trips during a shift can be calculated based on the shift production,
number of the active haulage units, the load-carrying capacity of each haulage unit and
the geometry of the panel. This parameter can be also determined by field observation.
The required energy per haulage trip depends on the shuttle car gross weight (loaded and
unloaded), the haul road condition, the hauling distance, and the driver’s skill level,
which makes this parameter hard to determine. The required energy needs to be measured
by instruments installed on either the shuttle cars or the power center.
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5.3.2.2 Required energy per haulage trip based on the haulage cycle timing
The haulage cycle time is another parameter that can be determined easily as
discussed before. For this purpose the cycle time can be estimated from the recorded data.
Alternatively, a simple stopwatch could be employed to time the cycles and the work
segments of a haulage cycle (tramming, loading, unloading, etc.). The required energy
per haulage trip was correlated to the duration of a haulage cycle by a linear model. The
slope of the linear model (energy-time) represents the mean power throughout the cycle,
which changes based on the haul road condition. This correlation helps engineers to time
the shuttle car and then come up with a good estimation of the required power and
energy.

5.3.3 Power Consumption Analysis
Studying the power consumption history helps to predict the required battery size
and life as well as to optimize the electrical design for these haulage units. Because of the
highly-dynamic nature of the power demand during haulage cycles, the power is
measured as the average over time or RMS over a course of a cycle. The calculated
power consumptions per haulage cycles are presented in related histograms that will be
presented in the following section.

5.3.4 Peak Power Analysis
The battery must be able to handle the high momentary power demands during
acceleration and uphill tramming without fear of over-drawing the battery and thus
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reducing its lifespan. For the purpose of determining the peak power, local peak power
demands in the time-series signal of total power consumption were detected using the
MATLAB “peakfinder” algorithm. The MATLAB peakfinder algorithm calculates the
peak power’s duration, peak-to-peak intervals, and the area underneath the peak powers,
which translates to the required energy during the peak period.

5.3.4.1 MATLAB peak-finder algorithm
The MATLAB peak-finder algorithm works based on the following steps:
1. The first derivative of the signal is smoothed using the sliding average
method.
2. Zero-crossings points with downward curve slopes are found.
3. The zero-crossing points are filtered out based on the slope threshold. The
slope of the original signal at the zero-crossing points must exceed the "slope
threshold."
4. The remaining points from step 3 must exceed the "amplitude threshold."

The performance of the MATLAB peak-finder algorithm in detecting the local
peaks is presented in
Figure 5-4. The length of the red lines laid on the detected peaks represents the
peak duration.
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Figure 5-4 Plot of the recorded power consumption data and duration of detected peaks

5.3.5 Estimating Rolling Resistance (RR)
The Caterpillar empirical method described in previous chapters can be used to
estimate RR for the surface haulage trucks; however this method seems to underestimate
the RR for underground haulage units. Based on the time and the power study performed
on the section R1 of mine B study area #3, the calculated RR for the case of loaded
tramming obtained in the range of 9% to 14%, and for the case of empty tramming found
in the range of 7% to 12%; while, the predicted RR by Caterpillar empirical method was
obtained in the range of 6% to 8% for both cases of empty and loaded tramming. The
Caterpillar empirical formula must be adjusted for tire pressure, tire deformation, the type
of tire, and the gross weight of machine. To improve the accuracy of the Caterpillar
empirical method in predicting RR for underground haulage vehicles, a MATLAB code
was developed to estimate RR using the recorded tramming time, tramming power, and
the haul road grade.
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The required power consumed by the shuttle car (Ptotal) to overcome external
forces in order to tram with the average speed of ̅ can be written as Equation 3:
̅

Equation 3

Where:
Fa : aerodynamic force
Fr : rolling resistance force
Fi: inertia force
Fg: force required to overcome the grade resistance
η: efficiency

The aerodynamic force is negligible due to the low tram speed of the shuttle car.
The power required by the inertia force is estimated as 4% to 8% of the total power
depending on the number of turns and stop-start times occurring during the tramming
cycles. A study done by (Lineberry, 1986) proposes a linear model which estimates the
power required by the inertia force due to the number of intermittent factors per
tramming cycle. The number of intermitternt factors per tramming cycle was found by
the MATLAB code. Fr + Fg is substituted with total effective grade multiplied by gross
weight, which changes Equation 3 to Equation 4:
̅

where:
GW : gross weight (kg)

̅

Equation 4
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Equation 5
̅

Equation 6

The Matlab code solved Equation 4 for RR in each haulage trip. In Equation 4,
the tramming power and tramming time were known from the DAS records, GR was
found from the mine contour map, and gross weight was estimated from the shuttle car
capacity and its curb weight provided in the shuttle car specifications. Haul distances
were not collected by DAS to obtain the average tram speed. Efficiency is also unkown.
Thus, the ratio of the loaded-to-unloaded tramming power was calculated for each work
cycle in order to cancel out the haul distance and efficiency in the calculation. For a
haulage trip, the ratio of loaded-to-unloaded power was simplified as below:

Power Ratio = Weight ratio × Tramming Time ratio-1 × TEG ratio

Equation 7

The TEG ratio was computed for each work cycle knowing the power, the weight,
the tramming time ratios, and the number of intermitternt factors per tramming cycle. A
TEG ratio greater than 1 means that a loaded shuttle car is tramming uphill; while, a TEG
ratio lower than 1 means that a loaded shuttle car is tramming downhill. Equation 8 and
Equation 9 are given to calculate RR depending on the order of TEG.

TEG <1

Equation 8
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TEG >1

Equation 9

This model does not present a good estimation of RR for TEG values found close to 1,
which makes the calculation highly sensitive to the value of GR.
Figure 5-5 illustrates the TEG ratio calculated for study Area #1 in Mine A.
Haulage cycles with a TEG ratio lower than 1, which are located inside the black box,
represent a situation where a loaded shuttle car was tramming downhill. For the rest of
haulage cycles, the loaded shuttle car was tramming uphill. Inconsistent TEG ratio values
were obtained after 18th July in Figure 5-5 due to the transient change of operations from
coal mining to rock cutting at the end of this part of the study, which presented a variant
haul road condition. For illustration purposes, consider Figure 5-5, Equation 8, a GR of
9% to 11%, and a TEG ratio of 0.25, where RRs were obtained in a range of 15% to 18%,
which is 30% higher than the RR determined by the Caterpillar empirical method.
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Figure 5-5 Picture of total effective grade ratio per haulage trip

5.3.6 Crest Factor Analysis
The crest factor is the other factor to look at when it comes to the battery or
powersource sizing. The crest factor is the ratio of peak power to the RMS of the power
signal. Non-linear load devices such as electric drive vehicles powered by variable
frequency drives draw a high crest factor from a source of power. The source of power
must handle high crest factors and supply the peak current desired by the load. If the
source cannot handle this, then its output voltage and power factor will become distorted
(Tolbert, Hollis, and Hale, 2008).
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5.3.7 Intermittent Delays Analysis
Haulage cycles may experience intermittent delays during the course of a normal
shift. A shuttle car is idle and does not haul coal during the intermittent delays.
Intermittent delays could decrease the shuttle car utilization to below 50% (Hirschi,
2012). Intermittent delays could be due to the repetitive tasks when 1. The CM, feeder
breaker, or shuttle cars undergo regular or unexpected maintenance; 2. The CM or roof
bolter move to a new cut; 3. The scoop is cleaning the haul road; 4. The power center or
conveyor belt is being moved; and 5. There is a change-out delay when the shuttle car
arrives at a change-out point. In this list, items 1-4 are maintenance- or mining cyclerelated delays considered as downtime where the shuttle car is down or switched off.
Item 5 is the key element that reflects the operational delays and downtimes while mining
is in progress, and thus is more important to study and minimize.
To minimize the change-out delay, the change-out points, near the CM and near
the feeder breaker, should be kept as close as possible to each piece of equipment. The
feeder breaker should be moved frequently with the maximum advancement of a 3 or 4
crosscut distance in the panel to keep the haul distance in an optimum range. According
to (Chugh et al., 2003), the capacity of larger shuttle cars would offset the change-out
delays.
Intermittent operation of shuttle cars not only affects the shuttle car utilization,
but it also increases the shuttle car’s power demand due to adding more acceleration and
deceleration to the cycles. Power demand could vary according to the intermittent factors
such as stops at change-out points, turning in a sharp curve or blind corners, and passing
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bridges or underpasses. A study done by (Lineberry, 1986) proposes a linear model
which estimates the additional power requirement due to the number of intermittent
factors per cycle. The result of this study is presented at Table 5-1.
Table 5-1 Estimation of additional power requirement due to the number of intermittent delay
(factor) per cycle (Lineberry, 1986)

While intermittent operation of a shuttle car reduces the shuttle car utilization and
increases its power demand, it could significantly improve the discharge performance of
the battery (Castillo et. al., 2004). Intermittent operation provides a relaxation time for
the battery such that the temperature returns towards the normal level. Because of this
potential for a recovery during intermittent operation, the battery capacity drops less and
the operating efficiency is higher compared to the continuous operation as is shown by
the dotted line in Figure 5-6. In general, batteries operate more efficiently under
interrupted operation, whereas internal combustion engines work efficiently with
continuous steady loads. This is another reason why the battery-powered shuttle car is a
preferred solution for the haulage operation subjected to intermittent factors.
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Figure 5-6 Comparison of battery capacity between the intermittent and continuous discharge.
Courtesy of (Lawson, n.d.)

In an attempt to study intermittent delays, two parameters of stop-start frequency
per haulage trip and the duration of the stops have been studied and the results are
reported in next chapter of this report.

5.4

Shift Utilization vs. Energy Consumption Analysis
Shift utilization is reported commonly by mining companies. The required energy

during a course of a shift can also be estimated by utilization. For the purpose of
correlating utilization and total energy consumption, the supervised shift analyzer tool
extracts the shifts’ information from the duty-cycle analysis, and then provides a linear
model for the total energy consumption during a course of a shift based on the shuttle
car’s

utilization.
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Chapter 6. ANALYSIS OF COLLECTED FIELD DATA

6.1

Overview on Shifts Analysis
A general overview of shift information such as utilization, energy consumption

and the total number of analyzed haulage cycles during a shift are presented in this
section.
The average shuttle car utilization for mine A and mine B during coal haulage
were 35% and 37%, respectively. This value dropped to 16% in Mine A during rock
haulage due to the slow operation of rock cutting in the face. The box plots of energy
consumption, utilization, and the number of haulage trips during a shift are presented in

Energy [kWh]

Figure 6-1, Figure 6-2, and Figure 6-3, respectively.
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Figure 6-1 Boxplot of energy consumption during a shift [kWh]
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Figure 6-2 Boxplot of shuttle car utilization % per shift
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Figure 6-3 Boxplot of number of haulage trips during a shift

The boxplots of energy consumption, utilization, and the number of haulage trips
during a shift for the 5 studied cases are provided in appendices C to H. As shown in
Figure 6-1 through Figure 6-3, the second shift is the most-productive shift and the third
shift, which is the maintenance shift, is the least-productive shift in a normal day. The
first-shift utilization is less than or mostly equal to the second-shift utilization due to the
regular inspections conducted on the first shift.
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6.2

Haulage Cycle Timing
The histograms of the required times for completing a haulage cycle are presented

in Figure 6-4, and the statistical information of histograms is presented in Table 6-1 and
Table 6-2. Parts (e) through (g) of Figure 6-4 correspond to the study area A1, A2, and
A3 at mine B, as described in section 4.5.2.2.

Figure 6-4 Histograms of haulage cycle timing for various working conditions
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Table 6-1 Summary of statistical information for haulage cycle time [sec]
Hauling Coal

Haulage Cycle Time
Mean
Standard Deviation
Minimum
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Maximum
Sample Number

Mine B
September
301
111
125
239
279
334
381
1442
475

Mine B
Nov - Dec
260
155
120
165
219
312
386
1907
431

Hauling Rock

Mine A
First July
274
86
127
226
263
305
345
692
305

Mine A
July - Aug
306
147
118
214
266
346
411
963
256

Mine A
Aug - Sep
379
148
118
268
365
475
579
1172
475

Table 6-2 Comparison of haulage cycle time [sec]

Coal Haulage - Mine B
Rock Haulage - Mine A
(18-tonne Shuttle Car)
(25-tonne Shuttle Car)
(10% - 15% Total Grade) (20% - 30% Total Grade)
Mean
280
354
Standard Deviation
120
148
Minimum
124
118
25th Percentile
210
249
50th Percentile
253
330
75th Percentile
319
430
Upper Fence
374
520
Maximum
1418
1099
Cycle Time [s]

Unloading coal from the 15-ton-capacity shuttle car to the feeder breaker took
64±14 seconds; while it took 87±39 to unload rock to the feeder breaker. The process of
unloading rock took more time to not overload the feeder with big chunks of rock. For a
8-ton-capacity shuttle car, the unloading cycle took 47±20 seconds.
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6.3

Mean Power Consumption
Figure 6-5 illustrates the mean power consumption of the components of the duty

cycle for the five studied cases at mines A and B. It is emphasized that the upper fence of
the box plots in Figure 6-5 does not represent the maximum power observed during that
operation, but it refers to the upper limit of the mean power consumption during each
work segment. The results of the peak power analysis are discussed in the following
sections.

Figure 6-5 Boxplots of Mean power consumption of duty cycle components [kW]
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The mean power consumption during the loading and unloading cycles is
associated with the power usage of the conveyor motor. For a 8-tonne-capacity shuttle
car, the mean power of the shuttle car during the unloading cycle is 62% higher than the
mean power of loading cycle. This value decreased to 20% for a 14-tonne-capacity
shuttle car because the conveyor system of the higher-capacity shuttle car was used more
often during the loading cycle in order to receive load from the CM and distribute it along
the shuttle car.
For a relatively flat-lying coal seam where the mine’s haul road grades varied in a
range of -2% and 2%, the ratio of loaded-to-unloaded mean power consumption was
obtained in a range of 1.1 to 2.3. For steeper-grade mines, this ratio ranged between 2.3
and 5 for the 15%-grade road, and ranged between 1.8 and 4.8 for the 12%-grade road. In
the case where the loaded shuttle car trammed 12% downhill and the empty shuttle car
trammed 12% uphill, the ratio of loaded-to-unloaded mean power dropped to the range of
0.35 to 0.7.
The statistical information of the mean power consumption calculated for the four
components of the duty cycle is presented in Table 6-3 and Table 6-4. Besides the five
common statistical descriptive values, the first and third quartile of the data set are also
provided in the statistical information tables presented.
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Table 6-3 Descriptive statistical evaluation of values of mean power consumptions [kW] during
tramming cycles
Empty Tram
Hauling Coal
Hauling Rock

Mean Power
[kW]

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total
Grade)

Mean
SD
Min
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Max

Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

Nov-Dec

Sep

July

37.3
10.2
10.5
29.4
38.2
45.9
54.1
65.1

27.9
8.8
13.1
20.8
25.8
34.0
40.6
51.5

38.7
18.9
15.0
23.2
33.3
51.6
65.8
81.6

Loaded Tram
Hauling Coal
Hauling Rock
Mine B
(18-tonne Shuttle Car)
( 10% - 15% Total
Grade)

July-Aug Aug-Sep Nov-Dec

27.6
12.3
12.3
19.0
24.2
33.3
40.4
77.8

23.9
20.0
12.3
19.0
23.0
27.1
31.2
51.7

39.1
10.6
10.5
31.8
38.1
46.5
53.8
70.1

Sep

39.1
6.4
8.3
35.3
39.5
43.6
47.8
53.2

Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

July

July-Aug Aug-Sep

65.8 80.3
28.9 20.5
6.7
11.4
39.8 68.7
70.5 79.9
88.4 94.1
112.7 106.8
131.1 130.7

76.7
16.8
17.4
68.8
75.9
85.2
93.4
122.8

Table 6-4 Descriptive statistical evaluation of values of mean power consumptions (loading and
unloading cycles)
Loading
Hauling Coal
Hauling Rock

Mean Power
[kW]

Mean
SD
Min
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Max

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total
Grade)

Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

Nov-Dec

Sep

July

20.7
4.9
11.4
17.1
19.6
23.3
26.4
43.0

16.7
2.8
11.4
14.6
16.3
18.3
20.1
31.4

25.1
4.3
17.2
22.5
24.4
26.8
29.0
59.3

Unloading
Hauling Coal
Hauling Rock
Mine B
(18-tonne Shuttle Car)
( 10% - 15% Total
Grade)

July-Aug Aug-Sep Nov-Dec

23.0
4.8
15.6
19.5
22.4
26.0
29.2
49.6

20.9
4.8
15.4
17.1
19.1
23.7
27.0
38.9

28.0
4.8
15.9
24.3
28.6
31.1
34.5
41.0

Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

Sep

July

26.6
3.5
15.2
24.7
26.7
28.9
31.0
37.0

28.8
3.8
18.6
26.6
28.5
30.8
32.9
48.6

July-Aug Aug-Sep

28.8
5.8
18.5
24.7
28.5
32.1
35.9
51.1

24.3
4.5
16.8
20.7
23.2
27.5
30.9
49.9

The regression line shown in Figure 6-6 describes how the mean power
consumption of tramming cycles, the weight of shuttle car, and the total grade of the haul
road are related. The y-axis in Figure 6-6 represents the ratio of mean power [kW] to
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gross weight [tonne] as calculated in Table 6-5, and the x-axis represents the total grade
averaged along the haul road.
Table 6-5 Information of mean power, total grade, and weight ratio
Empty Tram

Hauling Coal
Mine B
(18-tonne Shuttle Car)
(10% - 15% Total Grade)

Mean Power
[kW]
SD Power [kW]
Weight (tonnes)
Power-to-weight
ratio [kW/tonnes]
Averaged
total grade %

Loaded Tram

Hauling
Rock
Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

Hauling
Rock

Hauling Coal
Mine B
(18-tonne Shuttle Car)
( 10% - 15% Total Grade)

Mine A
(25-tonne Shuttle Car)
( 20% - 30% Total Grade)

37.3

27.9

38.7

27.6

23.9

39.1

39.1

65.8

80.3

76.7

10.2
18

8.8
18

18.9
23

12.3
23

20.0
23

10.6
26

6.4
26

28.9
37

20.5
39

16.8
39

2.07

1.55

1.55

1.11

0.96

1.50

1.50

1.69

2.06

1.97
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Figure 6-6 Correlation between power density and haul road total grade [kW/tonne/grade/cycle]
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The mean power consumption can be derived from the total grade by using the
regression line presented in Figure 6-6. Using Equation 10, the following calculation
estimates the mean power consumption of a 21-tonne shuttle car with a 11-tonne capacity
tramming on a 15% total grade haul road:

Equation 10
where:
GR = Grade ratio (%)
GW = Gross weight (tonne)
Loaded tramming mean power = (21 tonnes+11 tonnes) × (0.0367×15%+1.114) = 53 kW

6.4

Peak Power Consumption
The peak powers of haulage cycles are detected using a Matlab peak-finder

algorithm. The maximum observed peak power for each segment of a haulage cycle is
chosen as the maximum peak power. Figure 6-7 illustrates the box plots of the maximum
peak power observed in different components of the duty cycle for the five studied cases
at mines A and B.
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Figure 6-7 Boxplot of maximum peak power observed during each haulage cycle [kW]

Since two studied shuttle cars are different in terms of weight and capacity, the
boxplots of the maximum peak power are divided by the gross weight of shuttle car
during the tramming cycles and presented in Figure 6-8 for a better comparison between
loaded and empty tramming cycles.
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Empty Tram

Loaded Tram

12.00
10.00
8.00
6.00
4.00
2.00
0.00

Figure 6-8 Box plot of maximum peak power density observed during tramming cycles [kW/tonne]

The results indicate that a higher range of peak power density can be obtained during the
empty tramming cycles in the case of utilizing a lower-capacity shuttle car because of the
two following reasons:
1. The empty shuttle car was tramming uphill, and
2. The empty shuttle car reached higher tramming speeds (7.5 ft/s) compared
to the loaded tramming speed (5.5 ft/s).
Yet the overall graph of normalized power or power density shows that the amount of
power consumed by the vehicle is more or less constant given the weight and road
conditions as explained in the theories.
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6.4.1 Peak Power Duration
The duration of peak power consumptions for the work cycle in the operations
monitored in this study was calculated and is presented in this section. Figure 6-9
illustrates the 2D scatter plot of the peak powers greater than 150kW and Figure 6-10
illustrates the peak powers between 100kW and 150kW. In the figures’ plots, the x-axis
represents the peak power and the y-axis represents the corresponding peak duration.

Figure 6-9 Plot of peak power duration against recorded peak power (peak powers > 150KW) a)
Mine A, coal haulage b) Mine A, rock haulage c) Mine A, rock haulage d) Mine B, coal haulage e)
Mine B, coal haulage
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Figure 6-10 Plots of peak power duration against recorded peak power (peak powers < 150KW) a)
Mine A, coal haulage b) Mine A, rock haulage c) Mine A, rock haulage d) Mine B, coal haulage e)
Mine B, coal haulage

Around 88% of the peak durations took less than 1 second. In both cases of coal
haulage and rock haulage, the maximum observed peak duration was around 7.4 seconds
at the peak power of approximately 125kW. The results of the peak power durations are
given in Table 6-6.
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Table 6-6 Peak power duration [s]

Peak Power
Duration [s]
Mean
Standard Deviation
Minimum
25th Percentile
50th Percentile
75th Percentile
Maximum
Peak Duration >1s
Peak Duration >2s
Peak Duration >3s

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total Grade)
Coal Hauling
Nov - Dec
Sep
0.62
0.36
0.46
0.21
0.10
0.10
0.38
0.23
0.50
0.33
0.71
0.44
6.30
2.19
11%
1.62%
2.2%
0.4%
0.5%
0%

Mine A
(25-tonne Shuttle Car)
(20% - 30% Total Grade)
Rock Hauling
July
July- Aug
Aug - Sep
0.75
0.70
0.64
0.57
0.53
0.48
0.12
0.12
0.12
0.44
0.41
0.38
0.59
0.55
0.51
0.85
0.80
0.73
7.49
7.39
7.41
15.5%
17.8%
12.35%
2.66%
3.4%
2.23%
0.8%
1.13%
0.62%

6.4.2 Energy Demand at Peak Power
The area underneath the peak power signal represents the energy demand. The
summary of the statistical analysis of energy demand during peak power is provided in
Table 6-7.
Table 6-7 Peak power energy [kWh]

Peak Power Energy
[kWh]
Mean
Standard Deviation
Min
25th Percentile
50th Percentile
75th Percentile
Max

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total Grade)
Coal Hauling
Nov - Dec
Sep
0.023
0.013
0.019
0.009
0.004
0.004
0.013
0.008
0.018
0.011
0.026
0.015
0.234
0.100

Mine A
(25-tonne Shuttle Car)
(20% - 30% Total Grade)
Rock Hauling
July
July- Aug
Aug - Sep
0.029
0.030
0.026
0.024
0.025
0.021
0.006
0.006
0.005
0.017
0.017
0.015
0.022
0.023
0.020
0.033
0.033
0.029
0.393
0.538
0.440
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6.5

Energy Consumption of Haulage Trips
The histograms of energy consumption during haulage trips are provided in
Figure 6-11.

Figure 6-11 Histograms of energy consumption of haulage trips for various working conditions
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The statistical information of the histograms is provided in Table 6-8. On
average, energy consumption of haulage trips in mine A was 1.025kWh higher than mine
B due to the higher grade resistance of haul roads in mine A and the size of the shuttle
car.
Table 6-8 Summary of statistical analysis of energy consumption per haulage trip [kWh]/trip

Energy Consumption
[kWh]/trip
Mean
Standard Deviation
Minimum
25th Percentile
Median
75th Percentile
Maximum
Samples Number [cycles]
>3 kWh/trip
>4 kWh/trip
>5 kWh/trip

Mine B
(18 tons Shuttle Car)
( 10% - 15% Total Grade)
Coal Hauling
Nov - Dec
Sep
2.86
2.93

Mine A
(25 tons Shuttle Car)
( 20% - 30% Total Grade)
Rock Hauling
July July- Aug Aug - Sep
3.77
3.65
4.09

1.35

0.83

1.01

1.21

1.08

1.4
2.14
2.42
3.3
10.5
475
32%
10%
5.6%

1.03
2.43
2.79
3.29
9.95
431
35%
9%
2.3%

1.84
3.30
3.74
4.23
10.43
305
83%
34%
7%

2.13
2.85
3.26
4.09
8.75
256
65%
27.5%
14.5%

1.05
3.33
3.94
4.77
10.81
475
86%
48%
18%

Table 6-9 Comparison of haulage cycle energy consumption

Energy Consumption
Mine B
Mine A
[kWh]/ trip
18-tonne Shuttle Car 25-tonne Shuttle Car
(Coal Hauling)
(Rock Hauling)
Mean
2.89
3.89
Standard Deviation
1.10
1.09
Minimum

1.22

1.55

25th Percentile

2.28

3.20

50th Percentile

2.60

3.71

75th Percentile

3.30

4.44

Maximum

10.24

10.19
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Figure 6-12 and Figure 6-13 represent the correlation between the energy
consumption of haulage trips and the number of trips over the course of an 8-hour shift in
mine A and mine B, respectively. Parts (a) and (b) of Figure 6-12 refer to rock haulage
and part (c) refers to coal haulage. There is a consistency between the slopes of the lines
drawn in Figure 6-12 and Figure 6-13, and the mean values of haulage trips’ energy
consumption are found in Table 6-8 and Table 6-9.

Figure 6-12 Plot of Energy consumption vs. number of haulage trips per shift (Mine A)

Figure 6-13 Plot of Energy consumption vs. number of haulage trips per shift (Mine B)
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The energy consumption of the duty cycle components is shown in Figure 6-14.

Figure 6-14 Boxplot of energy consumption of duty cycle components [kWh]

6.6

Energy Density
The developed haulage cycles’ energy consumptions have been divided by the

gross weight of the shuttle car to obtain the energy density of haulage cycles. The gross
weight of the shuttle car is changing during a haulage cycle as the shuttle car loads and
dumps coal. Although the curb weight of the shuttle car does not impact the energy and
power consumption during the unloading cycles, the curb weight of the shuttle car must
be chosen in order to calculate energy density for the whole work cycle. Plus, the shuttle

84

car did not remain stationary by the CM during the loading cycles. The shuttle car was
moving (up, back and at angles) by the CM trying to help its own conveyor system to
distribute the load on the shuttle car. Thus, an average weight between two modes of free
and fully loaded was assigned to the shuttle car’s gross weight during the loading and
unloading cycles. In order to calculate the energy density accurately, the energy
consumption of each work segment is divided by the corresponding gross weight as
presented in Table 6-10.
Table 6-10 Selected gross weight for calculating the energy density
Haulage Cycle
Operation

Gross Weight

Empty tramming
Loaded tramming
Loading
Unloading

Curb weight
Curb weight + Load weight
Curb weight + 0.5 × Load weight
Curb weight

Low
capacity
shuttle car
18 tonne
26 tonne
22 tonne
22 tonne

High
capacity
shuttle car
22 tonne
37 tonne
30 tonne
30 tonne

Calculation of the energy density where the energy consumption is normalized by
machine weight during the given component of a cycle has narrowed down the spread of
the variables, as can be seen in Figure 6-15. The narrow values of normalized energy
consumption allow for estimation of the required power by units of various sizes and
capacities in other mining operations.
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Energy density
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Figure 6-15 Histograms of haulage cycle energy density

The energy density histograms are represented in a format where the x-axis refers
to the energy density per haulage cycle in kilo-watt-hour/tonne, and the y-axis refers to
the frequency of occurence of a certain energy density.
A summary sheet of haulage cycle energy density is shown in Table 6-11 and
Table 6-12.
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Table 6-11 Energy density of haulage cycles [kWh]/tonne/cycle

Energy Density
[kWh]/Tonne/Cycle
Mean
Standard Deviation
Minimum
25th Percentile
50th Percentile
75th Percentile
Maximum

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total Grade)
Coal Hauling
Nov - Dec
Sep
0.15
0.15
0.11
0.075
0.02
0.01
0.10
0.11
0.12
0.14
0.16
0.17
1.53
0.80

July
0.10
0.08
0.01
0.07
0.08
0.11
1.03

Mine A
(25-tonne Shuttle Car)
(20% - 30% Total Grade)
Rock Hauling
July- Aug
Aug - Sep
0.12
0.16
0.068
0.067
0.02
0.02
0.08
0.13
0.11
0.15
0.14
0.18
0.47
0.61

Table 6-12 Comparison of haulage cycles energy density [kWh]/tonne/cycle

Energy Density
[kWh]/Tonne/Cycle
Mean
Standard Deviation

Mine B (Coal)

Mine A (Coal)

Mine A (Rock)

0.15
0.093

0.10
0.08

0.143
0.068

The mean energy density during coal hauling in mine A was 0.1 ± 0.08
kWh/tonne. This value increased by 40% to 0.14 ± 0.068 kWh/tonne when the shuttle car
was hauling rock. Despite the tougher coal haul condition in mine A, the energy density
of haulage cycles in mine B was 0.05 ± 0.013 kWh/tonne higher than mine A during coal
haulage while the energy required by shuttle cars in mine A was 1.00 ± 0.001 kWh higher
than mine B. It can be concluded that it is more efficient to employ a high-capacity
shuttle car in the haulage operation to consume less energy per tonne of production.
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6.6.1 Estimating the energy required by haulage trips considering the panel
geometry and haul road conditions
The information of energy density obtained from study area #2 at Mine B was
divided into three sections corresponding to areas A1, A2, and A3 as described in
section 4.5.2.2 and presented in parts (b) through (d) of Figure 6-16. The results were
compared to the energy density of study area #1 at mine B, which is shown at part (a) of
Figure 6-16, in order to discover an experimental formula relating the average energy
consumption of a haulage trip to:

1. Average total grade of haul roads, 2. Pillar

dimensions, 3. Number of entries, 4. Shuttle car curb weight, and 6. Shuttle car load
capacity.

Figure 6-16 Energy density per haulage cycle for study area #1 and #2 at mine B
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(a) Study area #1, (b) Study area #1-A1, (c) Study area #1-A2, (d) Study area #1-A3
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Figure 6-17 The correlation between normalized energy and maximum hauling distance in panel

The average required energy of a shuttle car hauling in a panel with a specific
geometry can be derived from the regression line presented in Figure 6-17 and presented
in Equation 11.
[

(

)

where:
E = Mean required energy [kWh]
NE = Number of entries
Nc = Number of advanced crosscuts
Pw = Pillar width (ft)
Pl = Pillar length (ft)

]

Equation 11
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TEG = Total effective grade (%)
W = Shuttle car average mass (tonne) = curb mass + 0.5 × load capacity
For example, the mean required energy of a 23-tonne shuttle car with a 14-tonne
capacity tramming on a road with a 25% total grade through a panel with 3 entries,
advancing at a two-crosscut distance, with pillar dimensions of 45ft x 45ft can be
calculated as follows:

E=

[

(

)

]

= 3.975 kWh

which is 2% higher than the average energy required per trip obtained from measurements.

6.7

Intermittent Delays
Intermittent delays are found based on the shuttle car idle time. The idle times of

shorter than 2 seconds are ignored and those longer than 2 seconds are defined as
intermittent delays occurring during the haulage trips. Three sets of analyses were
performed on the detected intermittent delays. First, the frequency of intermittent delays
(or stop-start frequency) during a haulage trip was calculated. Second, the detected idle
times during a haulage trip were added together and then divided by the cycle time to
provide the ratio of intermittent delays to cycle time. Finally, the delay-to-delay intervals
for each haulage trip were calculated and divided by cycle time to find the delay-to-delay
intervals to cycle time ratio. These parameters help in the determination of the
discharging cycle of the batteries and thus aids in sizing their capacity.
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6.7.1 Mid-cycle Stop-start Frequency
Figure 6-18 illustrates the mid-cycle stop-start frequency during a haulage trip at
two studied mines. The figures are represented in a format where the x-axis refers to the
number of stop-starts and the y-axis refers to the frequency of occurence of the stop-start
number in a percentage format. The stop-start frequency of zero means that no delay
occurred during the tramming cycle. Haulage cycles with zero or less stop-start frequency
during the tramming cycles are more favorable in haulage operation. In order to calculate
the average stop-start frequency per haulage trip, the weighted average of stop-start
frequency was calculated and used in subsequent analysis.

Figure 6-18 Stop-start frequency during haulage trips – Mine A - (a) Aug – Sep, rock hauling, (b)
July - Aug, rock hauling, (c) July, coal hauling
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As Figure 6-18 (a) and (b) illustrate, the loaded shuttle car hauls the rock without
any intermittent delays in 80% of the cases. In the case of rock haulage, on average, 0.3
stops occurred during loaded tramming cycles; while, empty tramming cycles
experienced 2.5 stops on average. This is due to the right of way given to the loaded
shuttle cars at intersections. A higher stop-start frequency not only results in a longer
haulage cycle, but it also increases the mean power consumption of haulage cycles by 5%
compared to the cycles experiencing 1 stop-start delay. The most frequent stop-start
numbers during empty tramming cycles are 1 and 3. Figure 6-18 (c) provides the stopstart frequency for the coal haulage cycles at mine A. Comparing the coal haulage with
rock haulage cycles at mine A, the percentage of zero stop-start frequency dropped from
80% during the rock haulage cases to 60% for the coal haulage cases. The average of
stop-start frequency during loaded and empty tramming cycles increased to 0.95 and
2.15, respectively.
Figure 6-19 (a) and (b) provide the stop-start frequency for the coal haulage
cycles at mine B. Comparing the coal haulage cycles between the two mines, the
percentage of zero stop-start frequency during loaded tramming cycles dropped from
60% at mine A to 30% at mine B. The average of stop-start frequency during the loaded
and empty tramming cycles increased to 2.2 and 2.3, respectively.
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Figure 6-19 Boxplot of tramming cycles stop-start frequency – Mine B – (a) September, coal hauling,
(b) Nov - Dec, coal hauling

6.7.2 Ratio of Mid-cycle Intermittent Delay to Cycle Time
The mid-cycle delays occurred in each haulage cycle and were added and then
divided by the whole cycle duration to obtain the ratio of intermittent delays to cycle
time. The results are presented as a histogram plot in Figure 6-20 and Figure 6-21.

93

Figure 6-20 Histogram of the ratio of mid-cyle delays to cycle time (coal haulage)

As shown in Figure 6-20, an average of 10% - 40% of coal haulage cycle time
was lost to mid-cycle intermittent delays. Haulage cycles with longer hauling paths (part
(a) and (c) of Figure 6-20), where the shuttle car passes 2-3 crosscuts to get to the face,
have experienced more intermittent delays compared to the shorter paths (part (b) of
Figure 6-20) where the shuttle car passes 1 crosscut to get to the face. In the case of rock
haulage, the ratio of mid-cycle delays to cycle time was extended to 10% to 70% due to
the slow process of rock cutting in the face.
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Figure 6-21 Histogram of the ratio of mid-cyle delays to cycle time (rock haulage)

Figure 6-22 and Figure 6-23 present the box plot of the duration of intermittent
delays that happened during the loaded and empty tramming cycles for different distances
of the face from the feeder breaker. Seventy-five percent of the stop times during empty
tramming were found to be less than 60 seconds, associated with the waiting times at the
change-out point. Longer stop times could be referred to waiting for the CM to move to a
new cut or when the scoop was cleaning up the haul road and/or face area.
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Figure 6-22 Box plot of the duration of intermittent delays during empty tramming cycles

In the case of rock haulage, both loaded and empty tramming cycles experienced
longer intermittent delays.

Figure 6-23 Box plot of the duration of intermittent delays during loaded tramming cycles

The results of intermittent delay analysis emphasize the fact that the feeder
breaker should be placed at an optimum distance from the face in order to minimize the
intermittent delays occurring during long haulage cycles.
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6.7.3 Delay-to-delay Intervals
The intervals between the occurrence of two delays were calculated and presented
in this section. The ratio of delay-to-delay intervals to haulage cycle time is presented in
Figure 6-24.

Figure 6-24 Histograms of ratio of delay-to-delay intervals to haulage cycle time

The summary of the statistical analysis for delay-to-delay intervals is presented in
Figure 6-25.
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Figure 6-25 Summary of statistical analysis delay-to-delay intervals

Delay-to-delay Intervals [s]
Coal Haulage Rock Haulage
Mean
77.4
171.9
Standard Deviation
79.1
144.2
25th Percentile
26.9
56.6
50th Percentile
48.2
129.2
75th Percentile
94.4
245.2
Maximum
680.2
598.8

6.7.4 Crest Factor
Crest factors (CF) were found within the range of 1.1 to 8.8. The maximum
observed CF is 8.8 which occurred during the empty tramming and loading cycles at
mine A. The average of CFs during the empty tramming cycles is 2.76 which is
approximately 0.5 higher than the average of CF in three other operations. Likewise,
loading cycles present higher CF values because of the momentary back and forth
movement of the shuttle car while receiving coal from the continuous miner. The
statistical information of crest factors is summarized in Table 6-13 and Table 6-14.
Table 6-13 Statistical analysis of power crest factor (tramming cycles)

Power
Crest Factor
Mean
SD
Minimum
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Maximum

Empty Tram
Loaded Tram
Hauling Coal
Hauling Rock
Hauling Coal
Hauling Rock
Mine B Mine B Mine A Mine A Mine A Mine B Mine B Mine A Mine A Mine A
Nov-Dec Sep
July July-Aug Aug-Sep Nov-Dec Sep
July July-Aug Aug-Sep

2.5
0.8
1.4
1.8
2.3
3.0
3.6
6.6

2.7
1
1.3
2.1
2.6
3.2
3.7
8.0

2.7
0.9
1.4
2.1
2.6
3.0
3.5
6.5

2.9
1.1
1.5
2.1
2.7
3.4
4.1
8.8

3.0
0.9
1.5
2.4
2.8
3.4
3.8
8.4

2.4
0.8
1.0
1.9
2.2
2.6
2.9
7.3

2.3
0.6
1.3
1.9
2.1
2.6
2.9
4.7

2.2
0.8
1.0
1.7
1.9
2.3
2.5
5.8

2.0
0.4
1.1
1.7
1.9
2.2
2.4
4.4

2.1
0.5
1.5
1.8
2.0
2.3
2.5
6.6
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Table 6-14 Statistical analysis of power crest factor (loading/unloading cycles)
Loading
Hauling Coal
Hauling Rock

Power
Crest Factor

Unloading
Hauling Coal
Hauling Rock

Mine B Mine B Mine A Mine A Mine A Mine B Mine B Mine A Mine A Mine A
Nov-Dec Sep
July July-Aug Aug-Sep Nov-Dec Sep
July July-Aug Aug-Sep

Mean
SD
Minimum
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Maximum

2.2
0.8
1.2
1.6
2.1
2.5
3.0
8.7

2.8
0.9
1.4
2.3
2.6
3.1
3.5
7.6

1.9
0.8
1.2
1.6
1.7
2.0
2.1
6.5

2.0
0.9
1.1
1.6
1.9
2.2
2.5
8.8

2.3
1
1.1
1.7
2.2
2.6
3.0
6.8

1.7
0.5
1.1
1.4
1.6
1.8
2.0
4.6

2.1
0.5
1.3
1.8
2.0
2.4
2.6
5.0

2.1
0.8
1.1
1.7
2.0
2.5
2.9
5.0

2.0
0.5
1.2
1.6
1.9
2.3
2.6
5.3

2.0
0.6
1.1
1.5
1.8
2.3
2.7
5.5

Table 6-15 presents the average of CF calculated over the five studied cases.
Table 6-15 Summary of statistical analysis of averaged power crest factor

Empty Tram Loaded Tram Loading Unloading
Mean
Standard Deviation
Minimum
25th Percentile
50th Percentile
75th Percentile
Upper Fence
Max (average)
Maximum

2.8
0.9
1.4
2.1
2.6
3.2
3.7
7.7
8.8

2.2
0.6
1.2
1.8
2.0
2.4
2.6
5.8
7.3

2.2
0.9
1.2
1.8
2.1
2.5
2.8
7.7
8.8

2.0
0.6
1.2
1.6
1.9
2.3
2.6
5.1
5.5

Table 6-16 is the summary of the occurrence of CF beyond a certain threshold.
The table shows that on average 15.5% of the total analyzed cycles experienced a crest
factor higher than 3, 4.3% for CFs higher than 4, and 1.5% for CFs higher than 5.
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Table 6-16 Summary of crest factors over a certain threshold (percentage of haulage cycles)

Mine B
(18-tonne Shuttle Car)
(10% - 15% Total Grade)
Crest Factor > 3
Crest Factor > 4
Crest Factor > 5

6.8

Nov - Dec
14%
4%
1.2%

Sep
19%
5%
2%

Mine A
(25-tonne Shuttle Car)
(20% - 30% Total Grade)
July
14%
4%
1%

July- Aug
13%
4%
1.5%

Aug - Sep
17%
4.5%
1.7%

Average
15.5%
4.3%
1.5%

Energy Consumption vs. Utilization Analysis
Figure 6-26 depicts the correlation between utilization and energy consumption of

the shuttle car during an 8-hour shift. Parts (a) and (b) of Figure 6-26 refer to rock
haulage and part (c) refers to coal haulage in mine A. The average of this ratio in the case
of rock haulage is 2.5 and in the case of coal haulage it is 3. This means that for a 25tonne shuttle (15-tonne capacity) and utilization of 50% working in a coal mine where the
total effective grade of the haul road is between 25% and 30%, the total energy
consumption during a shift would be approximately 150 kWh. It should be emphasized
that all calculations were made based on an 8-hour shift. The final number must be
multiplied by 1.25 in case of estimating total energy consumption for a 10-hour shift.
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Figure 6-26 Energy-utilization (Mine A)

Figure 6-27 illustrates the relationship between utilization and the energy
consumption of a 18-tonne shuttle car (8-tonne capacity) during an 8-hour shift in mine
B. The total effective grade resistance of the haul road was estimated in the range of 12%
to 15% for these two cases. In part (a) of Figure 6-27, a higher energy-to-utilization ratio
is obtained due to the lower haulage operational efficiency and utilization in that course
of study. The average of energy-to-utilization ratio was 2.23. For instance, a 18-tonne
shuttle (8-tonne capacity) and a utilization of 70% working in a coal mine where the total
effective grade of the haul road was 12%, the total energy consumption during a 10-hour
shift would be 89 kWh multiplied by an adjustment factor of 1.25 (to change an 8-hour
shift to a 10-hour shift), which equals to 111.25 kWh.
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Figure 6-27 Energy-utilization (Mine B)

6.9

Energy Difference of Haulage Trips between Various Travel Paths
The energy difference between following two haul paths, when the shuttle car

moves to the next cut, involving one or two intersections, was calculated and presented
here. A shorter haul path requires less energy for the shuttle car haulage trips. The
histogram of the energy difference between following two haul paths involving a one- or
two-intersection distance from the feeder breaker is shown in Figure 6-28. Figures are
given in which x-axis represents the energy in kWh and the y-axis represents the
occurrence. A negative energy difference value means that the shuttle car moved from
side entries, which is considered as a long haul path, to the center entries which give
shorter haul paths. The standard deviation of histogram data could be taken as a
parameter that indicates the change in energy consumption of haulage cycles if an extra
entry would be added to the panel. The change in energy demand differs in the cases of
short and long hauling paths. When the panel has advanced three crosscuts where the
shuttle car passes 5 to 7 intersections to get to the CM, adding one entry to the room-and-
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pillar panel would increase the average energy consumption of haulage trip by 18%. In
the case where a panel has advanced 1 or less than 2 crosscuts, the average energy
consumption of haulage trips would increase by 10%.

Figure 6-28 Histogram of energy difference of haulage trips between two following entries
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Chapter 7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1

Research Summary
In this study, the duty cycles and timing of cycles of two different models of JOY

coal shuttle cars in different haul road conditions and haulage operations in two coal
mines in central PA were assessed. The outcome of the study will be used as the basis for
verification of the required energy and power of coal shuttle cars for the purpose of sizing
suitable batteries. The measurement of the duty cycles for the two shuttle cars was mostly
performed by recording the available machine information from the master controller
module of vehicles through the CANbus interface, and field data such as haul road
conditions, hauling distances, and haulage operation were measured through the field
observation. A MATLAB program was developed in order to analyze and visualize the
duty cycles and timing of cycles. At the end, the generated duty cycles were correlated
with field observations in order to characterize the duty cycles.

7.2

Conclusions
The following conclusions are made regarding the results and outcomes of this

study:
1. The average shuttle car utilization was found to be 36% and 16% for the
coal haulage operation and the rock haulage operation, respectively. The
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shuttle car utilization is lower due to the slow operation of rock cutting in
the face and higher delay and waiting times.
2. The second shift is the most-productive shift and the third shift
(maintenance shift) is the least-productive shift in a normal day. The firstshift utilization is less than or mostly equal to the second-shift utilization
due to the regular inspections conducted on the first shift.
3. Unloading coal from a 15-ton-capacity shuttle car to the feeder breaker
took 64±14 seconds; while it took 87±39 to unload rock on the feeder
breaker. The process of unloading rock took more time to not overload the
feeder breaker with big chunks of rock. For an 8-tonne-capacity shuttle
car, the unloading cycle took 47±20 seconds.
4. For an 8-tonne-capacity shuttle car, the mean power of the shuttle car
during the unloading cycles is 62% higher than the mean power of the
loading cycle. This value decreased to 20% for a 14-tonne-capacity shuttle
car because the conveyor system of the higher-capacity shuttle car was
employed more during the loading cycle in order to receive the load from
the CM and distribute it along the shuttle car.
5. The mean power consumption during tramming cycles can be estimated
from the total grade of a haul road and the gross weight of the machine by
using the following formula:

Tramming Mean Power = Gross Weight × (0.0367× GR(%) + 1.114)
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6. The required power density for each duty cycle operation can roughly be
summarized as follows:
For low-capacity shuttle cars:
unloading > loading > tramming empty > tramming loaded
For high-capacity shuttle cars:
unloading > loading > tramming loaded > tramming empty

7. Peak power density and peak power is summarized in the table below:

Peak Power Density
kWh/tonne
Maximum observed
peak duration

Low capacity shuttle car

High Capacity shuttle car

Empty
Tramming

Loaded
Tramming

Empty
Tramming

Loaded
Tramming

12

9

11

8

6.2 sec at 120kW

7.4 sec at 125kW

8. Haulage cycles with longer hauling paths, where shuttle cars passed 2-3
crosscuts to get to the face, experienced more intermittent delays
compared to the shorter paths where shuttle cars pass 1 crosscut to get to
the face.
9. Twenty-five percent of coal haulage trip time was lost to mid-cycle
intermittent delays. In the case of rock haulage, 40% of haulage trip time
was lost to mid-cycle intermittent delays due to the slow process of rock
cutting in the face.
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10. The crest factor for each work segment of the duty cycle can be shown as
follows:
empty tram > loading > loaded tram > unloading
11. Empty tramming and loading cycles present higher CF values because of
the frequent acceleration and deceleration during the cycles. On average,
15.5% of haulage cycles experienced a crest factor of higher than 3, 4.3%
for CFs higher than 4, and 1.5% for CFs higher than 5.
12. The maximum observed CF was 8.8 made by a high-capacity shuttle car in
mine A during both empty tramming and loading cycle.
13. An experimental formula is offered relating the average energy
consumption of a haulage trip to the average of the haul road’s total grade,
panel geometry, and shuttle car weight:
[

(

)

]

14. An experimental formula is offered relating the total energy consumption
of a shuttle car during a course of an 8-hour shift with the total number of
haulage trips per shift and shuttle car maximum weight:
Total Energy per shift = 0.1028 × Max Weight shuttle car × N haulage tripes
15. An experimental formula is proposed correlating the total energy
consumption of a shuttle car during the course of an 8-hour shift with
shuttle car utilization and its maximum weight:
For the case of the coal haulage operation:
Total Energy per shift = 0.1028 × Max Weight shuttle car × Utilization
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For the case of the rock haulage operation:
Total Energy per shift = 0.0972 × Max Weight shuttle car × Utilization

7.3

Recommendations for Future Work
In the performed study, the data-logging system was incapable of recording

hauling distances and haul-road grades. Adding a positioning system for locating the
shuttle car between the feeder and face would be a great achievement in the follow-up
studies. The positioning system would enable the study group to measure the hauling
distances and determine the panel advancement. The huge problem with employing a
positioning system is that most of them work based on GPS, which is not an option in
underground applications. Instead, a very accurate IMU5 sensor could be utilized to backcalculate the shuttle car speed and position from the acceleration measurements made by
the IMU sensor.

5

Inertial Measurement Unit
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Appendix A: CANMET Duty Cycle Study
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Figure A- 1 List of studied mine sites and vehicles by CANMET

Figure A- 2 CANMET study: JOY 10SC32B DC drive coal hauler duty cycle

Table A- 1 CANMET study: JOY 10SC32B DC drive coal hauler duty cycle
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Figure A- 3 CANMET study: JOY AH1200 duty cycle

Table A- 2 CANMET study: JOY AH1200 duty cycle
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Figure A- 4 CANMET study: JOY 10SC32B AC drive coal hauler duty cycle

Table A- 3 CANMET study: JOY 10SC32B AC drive coal hauler duty cycle
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Appendix B: Southern Illinois University Face Haulage System Time Study
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Table B- 1 Southern Illinois University face haulage system time study
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Appendix C: Developed Duty Cycles - Mine B, Study Area #2 & #3
December Analysis - Coal Haulage

120

Figure C- 1 Mine B, study area #2 and #3 shifts utilization/total energy consumption/ total number of
haulage trip information
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Figure C- 2 Empty tramming power consumption [kW] and Energy consumption [kWh] at mine B,
Study area#2 and #3
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Figure C- 3 Loaded tramming power consumption [kW] and Energy consumption [kWh] at mine B,
Study area#2 and #3
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Figure C- 4 Loading power consumption [kW] and Energy consumption [kWh] at mine B, Study
area#2 and #3
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Figure C- 5 Unloading power consumption [kW] and Energy consumption [kWh] at mine B, Study
area#2 and #3
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Appendix D: Developed Duty Cycles - Mine B - Study Area #1
September Analysis - Coal Haulage
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Figure D- 1 Mine B, study area #1, shifts utilization/total energy consumption/ total number of
haulage trip information

127

Figure D- 2 Loaded tramming power consumption [kW] and Energy consumption [kWh] at mine B,
Study area#1
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Figure D- 3 Empty tramming power consumption [kW] and Energy consumption [kWh] at mine B,
Study area#1
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Figure D- 4 Loading power consumption [kW] and Energy consumption [kWh] at mine B, Study
area#1
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Figure D- 5 Unloading power consumption [kW] and Energy consumption [kWh] at mine B, Study
area#1
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Appendix E: Developed Duty Cycle - Mine A - Study Area #2
July – August Analysis – Rock Haulage
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Figure E- 1 Mine A, study area #2, July-August Analysis, shifts utilization/total energy consumption/
total number of haulage trip information
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Figure E- 2 Loaded tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#2, July-August Analysis
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Figure E- 3 Empty tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#2, July-August Analysis
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Figure E- 4 Loading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#2, July-August Analysis
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Figure E- 5 Unloading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#2, July-August Analysis
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Appendix F: Developed Duty Cycle - Mine A - Study Area #2
August – September Analysis, Rock Haulage
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Figure F- 1 Mine A, study area #2, August-September Analysis, shifts utilization/total energy
consumption/ total number of haulage trip information
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Figure F- 2 Loaded tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#2, August-September Analysis
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Figure F- 3 Empty tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#2, August-September Analysis
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Figure F- 4 Loading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#2, August-September Analysis
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Figure F- 5 Unloading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#2, August-September Analysis
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Appendix G: Developed Duty Cycle - Mine A - Study Area #1
July Analysis - Coal Haulage
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Figure G- 1 Mine A, study area #1, shifts utilization/total energy consumption/ total number of
haulage trip information
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Figure G- 2 Loaded tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#1
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Figure G- 3 Empty tramming power consumption [kW] and Energy consumption [kWh] at mine A,
Study area#1
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Figure G- 4 Loading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#1
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Figure G- 5 Unoading power consumption [kW] and Energy consumption [kWh] at mine A, Study
area#1
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Appendix H: Monitoring Equipment Technical Information
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Figure H- 1 Wiring guide of Kvaser logger to Saminco ECU guide
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