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Abstract: The excavators are heavy machines widely used in the civil engineering and surface
mining industry. Recent studies show that 95% of contractors face the problem of finding skilled
operators. Unskilled operators not only worsen productivity but also very often cause machine
failures through unprofessional handling. Motivated by these studies and guided by the mining
company’s requirements, we present a prototype of an IoT system for monitoring DC motor overload
on the EKG-15 excavator. The IoT system consists of a microprocessor device mounted inside the
excavator and an external cloud platform that can be accessed via the Internet. The proposed solution
detects and warns the operator when the DC motor overload occurs, thus reducing the probability of
its damage. In addition, overload data is sent to the cloud platform for later research, analysis and
processing. The main benefit of the proposed solution is that it can be applied to existing industry
machinery, thus reducing the maintenance cost and increasing productivity. After several months of
use of the proposed system in real working conditions, it has been shown that the overload occurrence
and its duration time are approximately reduced by 60% and 80%, respectively.

Keywords: Arduino Due; DC motor overload; EKG-15 excavator; GPRS communication; IoT

1. Introduction

Industrial developments in recent decades have largely depended on the design, de-
velopment and implementation of various industrial machines and plants. Consecutively,
the rapid development of industry has also accelerated comprehensive progress in the effi-
ciency of industrial machines. Productivity in a specific industrial activity largely depends
on the efficiency of these machines, as well as on the training of machine operators [1].
Therefore, to achieve optimal results, it is not only important to have modern, efficient,
accurate, and robust industrial machines but also a skilled workforce [2]. Any possible
malfunction or irregularity that makes the machine inefficient or even unusable (for a
longer or shorter time) leads to production losses and, in some cases, disruptions. Machines
that have moving wear parts or elements, which are in frequent contact with abrasive or
hard materials, are particularly exposed to this problem.

Excavators are one of the most heavily used equipment in the construction and mining
industries, typically sold for hundreds of thousands of dollars per machine [3]. Excavator
operation is a quite complex process that requires skilled and experienced operators.
Recently, the lack of skilled labor has been reported worldwide in both developed and
developing countries. Ninety-five percent of contractors in the United States have stated
that they have difficulty finding the skilled workers [4]. Similar shortages have been
reported in Hong Kong [5], European countries [6], New Zealand [7], etc. The same problem
faces “Rudnik Uglja Pljevlja” (RUP), the coal mining company in Montenegro [8]. RUP has
persistent and significant maintenance costs for these excavators caused by overloading or
improper operator handling. In addition to the cost of repairing the excavator, there are
also reductions in production due to the excavator’s downtime.
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The labor shortage and demands for increased productivity have accelerated the
research on the automation of the excavation process. Different control algorithms for
automation and/or optimizing the right time for switching from the drag to the scoop
phase of the bucket can be found in the literature [9-11]. Some studies deal with the
identification of soil parameters, which can be further used to predict the forces acting
on the bucket and improve the excavation strategy by avoiding overloading that could
damage the machine [12,13]. Sometimes, it is hard to predict soil interaction forces, so
some researchers propose the control approach for autonomous excavation independent
of the soil composition [14]. Humans still more efficiently execute many processes than
machines, so some researchers have focused on a hybrid approach, where inputs from the
controller and a human are continuously combined to perform a specific task [15]. Similarly,
the control system that assists a novice operator in the operation of excavation work is
proposed in [16].

It is well known that robotics and automatized systems have revolutionized many
industry sectors, but their adoption in the construction and mining industry is still limited
and slow [17]. Even though many sophisticated control/optimization algorithms have
been proposed in the literature to automate the excavation process, most of them have
not yet been put into practice [18]. One of the main reasons is that there is a gap between
industry and academia, and it takes a long time for the solutions proposed in the literature
to be applied and accepted in the industry [17]. On the other hand, in some specific areas
of application, such as the mining industry, full automation of the excavation process is
sometimes challenging or even impossible, due to the complex terrain configuration and
soil type [19,20]. Automation is further complicated by the fact that the types and forms
of earthworks are inconsistent, and work plans sometimes change depending on working
conditions. In [21] authors conclude that the subject demands more research, together with
industrial support, to speed up the process toward successful autonomous excavators.

High cost of implementation, financial risks, and inadequate cost-benefit analysis are
other factors that slow down the adoption of robotics in the mining industry [22]. Replacing
conventional industrial machines with robotic machines is often not acceptable and can
affect the survival of companies. Therefore, the solution needs to be sought in the other mod-
ern technological developments such as the IoT paradigm, sensing technologies, etc. [23].
IoT has proven to be a successful and widely accepted technology because it can increase
the productivity and quality of existing industrial systems and machines with reasonable
investments [24-26]. When designing new IoT solutions, it is desirable to establish tight
cooperation between the academy and industry, i.e., it is necessary to (a) systematically
investigate industry-specific challenges, (b) understand stakeholders” expectations, and (c)
establish functional and cost requirements.

In this paper, we consider the problem of frequent failure of DC motors in EKG-15
excavators. Every year, the RUP has considerable maintenance costs for these excavators,
caused by overloading or improper operator handling [27]. This paper presents the IoT
system for monitoring of DC motor overload, with the following features: (i) has a simple
and low-cost implementation; (ii) does not affect the existing excavator’s control system;
(iii) warns the operator when overload is detected; (iv) can be integrated with existing
cloud platforms; (v) collects overload data and sends it to the cloud for further analysis
and processing. To the best knowledge of the authors, there is no available solution to this
problem in the literature.

The development of the IoT system is conducted through several phases. In the first
phase, the problem of excavator overload is analyzed, and functional requirements are
defined in cooperation with the RUP company. In the second phase, the architecture of the
IoT system that meets the functional requirements is designed. The implementation of the
IoT system is carried out in the third phase. In the final phase, the system is tested, and the
results are analyzed. Based on the obtained results, some future improvements to the IoT
system are proposed. All mentioned phases are depicted in Figure 1.
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Figure 1. Development phases of the proposed IoT system.

The paper is organized as follows. The analysis of the problem and motivation behind
the proposed approach are described in Section 2. The Section 3 presents the architecture of
the proposed solution. The circuit for detecting the overload of DC motors is described
in detail, as well as the realization of communication between the microcontroller and the
appropriate cloud platform. Section 4 presents a prototype of the installed device and
the experimental results obtained during the operation of the proposed system in real
conditions. Finally, the discussion and concluding remarks are given.

2. Analysis of the Problem
2.1. The Case Study of the EKG-15 Excavator

In this paper, we consider the EKG-15 model of the excavator, which is used for
work on the surface mine within the RUP company. The EKG-15 is a robust conventional
excavator with a loading bucket controlled by high-power DC motors. Although these
motors are designed to ensure the long life of the excavator, they can become overloaded
if the loading bucket gets stuck due to extremely hard terrain. Namely, if the operator
does not release the lever that controls the movement of the loading bucket, the motor will
still try to move the bucket. In those moments, a so-called short circuit occurs, i.e., a large
quantity of current passes through the motor. If the operator does not react quickly and
releases the lever, the short-circuit current threatens to damage the motor. If this happens,
the motor and thus the excavator will be out of use, which reduces productivity. The repair
of these motors is quite expensive and cannot be performed in a short time.

On excavators used by RUP, the short-circuit current is limited by the manufacturer to
the value of 2 kA as a preventive measure. This means that the current flowing through
the motor windings will not exceed this value. However, there is no protection provided
regarding the duration of the short-circuit condition. In other words, a current of 2 kA
will flow through the motor windings as long as the operator activates the bucket control
lever. If the operator keeps the motor active for a long time, the conductor will heat up and
the motor will burn out. Operators can unintentionally cause a condition that leads to a
short-circuit current in the motors and often do not recognize in time that such a situation
has occurred. This inevitably leads to motor breakdown.

A system for monitoring the current flow through the DC motor windings has already
been implemented in the EKG-15 excavator by using a small (shunt) resistor. The voltage
from the shunt is brought to an analog voltmeter, calibrated in (kilo) amperes since the
strength of the current flowing through the motor is an important issue. This instrument
has a symmetric scale, since the current can flow in both directions. One such voltmeter
is in the operator’s cabin of the excavator, so that operator can continuously follow the
indication of the motor load. The fact that the operator needs to continuously monitor the
DC current indicator while navigating the mine surface significantly raises safety concerns
and reduces work efficiency. Therefore, it would be better to warn the operator in some
way when the motor is overloaded.

2.2. Functional Requirements

According to the contract between the RUP and the excavator supplier, the control
architecture, principles, or devices within the excavator must not be changed or modified.
Therefore, the only acceptable solution for RUP is to design a system that will assist the
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operator and help the RUP maintenance team without interfering with the excavator or
affecting any part of it. To the best knowledge of the authors and the RUP maintenance
team, there is no solution for this problem in the available literature.

The system to be designed should be able to detect a short-circuit current occurrence
and in a reliable way warn the operator that the undesirable situation has occurred. In this
way, the operator could act preventively and stop the motor activity before damage occurs.
This will prevent frequent and long-lasting short-circuit current, thus extending motor life.
In addition, it is necessary to record and send to the external server information related
to the occurrence of short-circuit current. More specifically, it is necessary to know how
many times and for how long the motor was overloaded. Based on this information, the
operator’s incorrect handling can be determined, and possible errors can be pointed out
during the next training. This data can be also used to analyze the cause of potential motor
burnout, and for further research and development.

All technical requirements for the system design are summarized in Table 1.

Table 1. Functional requirements for the system design.

1. The control electronics and the current operation mode of the excavator should not be
affected in any way.

2. The system should be capable of warning the operator when an overload occurs.

Information related to the occurrence of the short-circuit current should be saved for the
purpose of later analysis and processing.

4. The device should be equipped with a communication unit so that the system can be
connected to the cloud platform for the remote monitoring and analysis.

3. Architecture of the Proposed Solution

The architecture of the system that complies with the technical requirements given
in Table 1 is conceptually illustrated in Figure 2. The proposed IoT device is based on
the widely known Arduino open hardware platform [28,29]. When the device detects a
short-circuit, it warns the operator with an audio signal. Furthermore, the data that is
permanently stored on the cloud is analyzed and visualized, providing the maintenance
team with adequate monitoring capability to perform fast intervention and preventive
maintenance in case of motor overloads. Finally, analysis of large amounts of data from
multiple excavators will help company management to improve operators” skills, work
processes, energy efficiency while reducing cost.

Proposed loT | P <
device .a’
L4

AN —14

Figure 2. Cloud platform as the center of data flow.

Any standardized IoT cloud platform can be used for this purpose, but we used the
open UoM IoT platform [30]. It is a free and open platform developed at the University of
Montenegro, Faculty of Electrical Engineering, within the NI4OS project [31]. In addition
to providing free data storage, this service offers visualization of the stored data.

3.1. Short-Circuit Detection of Excavator’s DC Motor

The principal scheme of the short-circuit detection system is depicted in Figure 3. A
solution was adopted that does not cut off the short-circuit current through the motor,
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which left the control electronics system unchanged. Instead, a strong siren (alarm) will
generate the warning signal to the operator when a critical event occurs. It will serve not
only as a warning, but also as an incentive for the operator to stop the overcurrent motor
mode. The sound intensity and frequency have been chosen to be an inconvenience to the
operator when exposed, even for a short time. Since this siren is supplied with electricity
taken from the power supply unit of the excavator, its activation is performed utilizing a
common relay.

DC motor

Arduino @ Alarm

galvanic

ﬁj isolation
[« g &

= osd

—r -

Generator

Figure 3. Block diagram of the proposed solution.

Monitoring the voltage on the shunt in the motor circuit is the most important and the
most critical element of the designed system. Since Arduino is chosen as the platform for
our solution, voltage monitoring is performed using a built-in A/D converter. Inside each
excavator, it is necessary to monitor two DC motors. In the first version of the proposed
system [27], the microcontroller monitored each motor individually by the voltage on the
shunts in front of these motors. However, the same generator powers both motors, so it
is imperative that the generator current does not exceed a critical value. Therefore, in the
final version of the system, the microcontroller monitors the voltage on the shunt in the
generator circuit. That makes the system simpler and easier to implement (Figure 3).

The motor short-circuits current detection system continuously monitors the voltage
from the abovementioned shunt. When overload occurs, a short-circuit current of 2 kA
generates a voltage of about 75 mV on this resistor. As long as the current through the
motor (consequently the voltage on the shunt) is below some critical value, the system does
not take any particular action. This critical value of the voltage to which the system reacts
is set to 65 mV. When the voltage over the critical value is detected, the system starts to
measure the duration of the overload event. According to the manufacturer, 2 kA current
is not harmful to the motor if it lasts less than 9 s. For this reason, the system alarms the
operator and starts data recording when the duration exceeds 3 s.

The voltage on the monitored shunt changes its polarity as the motor changes direction
of rotation. This is a challenge for the acquisition process because DC voltage powers the
microcontroller, as well as its A /D converter. Therefore, the A/D converter cannot measure
the voltage that is “negative” from the point of view of the microcontroller. On the other
hand, it is mandatorily for the monitoring system to be galvanically isolated from the
monitored circuit. This means that it is not possible to apply voltage from the shunt directly
to the input of the microcontroller A/D converter.

To circumvent this issue, we have designed a module that adjusts the voltage generated
on the shunt to the requirements of the A/D converter on the Arduino (Figure 4). The first
task of this module is to perform galvanic isolation between the voltage on the shunt and
microcontroller circuit. This has been achieved by a TLP7920 optically isolated amplifier
from Toshiba Corporation [32]. Voltage from the shunt (V;, in Figure 4) is brought to the
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input of TLP7920. At the outputs of this amplifier (between pins 6 and 7 - Vy, in Figure 4),
there is a voltage proportional to the voltage on the shunt, but galvanically isolated. An
experimentally determined dependence between the input and output voltage is shown in
Table 2. The input voltage for this measurement was generated using a PeakTech 6225 A
power supply and supplied to the V;, input via a voltage divider. The ratio on the voltage
divider is 1:100, so the voltage from the power supply varies from 0 V to 8 V. Of course,
negative voltages are generated by rotating the power supply terminals. The output voltage
was measured using a Mastech MS8221C multimeter. Since this project does not require
very high accuracy of the measured voltage, these instruments are fully suitable for this job.

+5V (Vddi) +5V (Vdd2)
‘[ TLP7920 ¢
1 8
Ro
Vint o ‘:'T 2 7 —
Ce U 1 thp
Vi, — o —l_ 3 6 /]
iy
GND1™— GND2
Figure 4. Circuit for adjusting the voltage generated on the shunt to the requirements of the Arduino
platform.
Table 2. Experimentally determined voltage at the output of the TLP7920 for some values of input.
Vi [mV] —80 —60 —40 —20 20 40 60 80
Vipp [mV] —605 —453 -301 —152 158 308 460 612

The voltage at the output of TLP7920 is differential voltage in a small range, which
needs to be reshaped before further analysis. This is performed by an operational amplifier
labeled by U, in Figure 4. Resistors R5—Rg are chosen so that the voltage difference at the
outputs of the TLP7920 (V) is multiplied by 5. This means that the voltage at the output
of the operational amplifier U, ranges from —3 V to 3 V. This voltage is related to the
voltage that powers the microcontroller, but it also has negative values from the point of
view of the microcontroller. It means that cannot be read by the microcontroller’s A/D
converter. In addition, the range of 6 V is too large for this converter. Therefore, this voltage
needs to be further adjusted by translating its range to a single polarity range before it is
fed to the converter in the microcontroller. In addition, it should be adjusted to utilize the
entire input range of the A/D converter and thus get a more accurate reading. Both tasks
are performed by an operational amplifier labeled by U);, in Figure 4.

The voltage at the output of the operational amplifier Uy, can be calculated according
to the following formula:

Vie f = Vo R
Ry

The A/D converter of the used Arduino platform accepts input voltage in the range

from 0 V to 3.3 V. Since the output voltage of the operational amplifier U, (V) ranges

from —3 V to 3V, variable resistor R; and reference voltage Vs are calculated to satisfy
two following conditions:

Vout = Vref =+ 2 (1)

If Vo =3V then Voy =0V 2)
If Vo = =3V then Voyy =3V 3)
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The resistance of resistor R is set to 10 KQ). Therefore, from (1)—(3) a system of two
equations with two variables is obtained:

)

Vier +3
3= Vies + Toxa Re

{ 0= Vies + SierRo

By solving (4), we get V,,y =1V and R; = 5 KQ. The value of V, is adjusted via the
voltage divider implemented by resistors R3 and Ry4. In order to be able to fine-tune the
desired values, potentiometers are used instead of fixed value resistors.

In the manner described above, in addition to the galvanic separation of the shunt
voltage from the microcontroller part, we achieve shunt voltage adjustments to the input
range of the A/D converter on the Arduino platform. An experimentally determined
dependence between the input and output voltage of the circuit shown in Figure 4 is
presented in Table 3. These results show that the output voltage is immune to exceeding
its range of 0-3 V for input voltages that sometimes slightly exceed the recommended
thresholds. We assumed that the extreme input voltage values are 80 mV while the actual
values are £75 mV. Given that the A /D converter accepts inputs between 0 and 3.3 V, the
circuit has the potential for future upgrades/modifications.

Table 3. Experimentally determined voltage at the output of the circuit for adjusting the voltage
generated on the shunt.

Viy [mV]

—80

—60 —40 -20 20 40 60 80

Vout [V]

0.13

0.48 0.83 1.19 1.9 2.26 2.62 2.98

During the experiment, we found that when the inputs are not connected, the voltage
at the output could be outside of the range acceptable to the microcontroller. To protect the
microcontroller from damage, the inputs of the circuit are connected with a 1 MQ) resistor.
Due to the very low resistance of the shunt, the inserted resistor does not interfere with
regular system operation.

The value of V,,; must be read continuously to reliably detect motor overload periods.
However, in addition to reading the value of the voltage applied to the input of the A/D
converter, the microcontroller must perform several other tasks. For example, writing to
the LCD, reading from the Real-Time Clock (RTC), sending data to the cloud, and so on.
Therefore, we decided to perform a reading of the A/D converter within the interrupt
service routine (ISR). The ISR period is set to 100 ms, so each action related to the reading
of shunt voltage is set to the multiple of that period.

If the voltage on the shunt remains above the critical limit for more than 3 s, the
measuring of the overload duration begins. At the same time, a siren activates and warns
the operator that the motor is overloaded. During each ISR execution, if the voltage is
still above the limit, a counter used to calculate the overload duration is incremented. The
overload duration is obtained as the product of the counter value and the measurement
interval of 100 ms. This calculated duration is recorded on the SD memory card when the
voltage returns to a value below the alarm limit. An adapter PmodSD manufactured by
Digilent is used to access the memory card [33].

Repeated occurrence of short-circuit current that lasts close to 3 s (less than a threshold),
followed by the short-term return of the current intensity to the allowed range, is possible
in rare occasions. While, strictly speaking, these events do not represent a longer than
3 s overload, they may still cause motor damage. For that reason, the counter of the
implemented system is not reset when the current level goes below the critical threshold.
Instead, it is decremented and will only reach zero if the short circuit does not repeat in
quick succession. Otherwise, the repeated event(s) will be detected as a 3-second overload.
In this way, the above-mentioned scenario is considered, which mitigates the risk of the
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motor damage. However, for simplicity, we will treat these events as continuous 3 s events
in the subsequent text.

In order to perform the successful analysis of motor overload cases, we must also
know the exact time of critical events. Based on the overload duration and the time in
which it happened, conclusions about the work of individual operators can be drawn, as
well as the mode in which the excavator’s motors worked. The easiest way to deal with
the exact time is to use the Real-Time Clock (RTC) circuit. We used the DS3231 RTC chip
in our design. The date and time are loaded from the RTC chip each time the motor is
overloaded for more than the critical duration. Then, the system creates a file named by
the date just read from RTC, if that file does not already exist. This intuitive file naming
convention simplified the process of pinpointing the occurrence of critical events in a day
to just looking up the file created on the desired date (with the date as its name). In this file,
the overload duration and the exact time of the overload occurrence are recorded.

3.2. Communication between IoT Device and the Cloud

Information about the duration of motor overload together with the time stamp, need
to be transferred to the cloud, immediately after the overload occurred. The easiest way to
perform this action is to use a GPRS connection. The RUP coil mine does not have Wi-Fi
infrastructure or a platform for similar types of communication at the surface mine. It is
only covered by the signal of the mobile telephony operator, thus making it possible to
transmit necessary information via GPRS. The system establishes a GPRS communication
using a module based on the SIM808 chip [34].

The commands shown in Figure 5 are executed to automate the process of initializing
the GPRS module when the proposed short-circuit detection system is turned on or reset.
Once the module acquires a GPRS connection, a command is run to eliminate potential
unintentional HTTP requests that could have been made during the initialization process.
This is followed by the set of commands (AT + SAPBR) for obtaining bearer for applications
based on the IP protocol. After setting the type of Internet connection to GPRS, access point
name (APN), username (USER) and password (PWD) are entered, according to the local
mobile Internet provider requirements. For our prototype, we used SIM card of the Telenor
Montenegro mobile Internet provider [35]. After the set of SAPBR commands, we open
the bearer for the active profile and query if the connection is properly set up. The HTTP
service is initialized to provide the cloud platform with data in the prescribed format. It is
mandatory to set bearer profile identifier, using CID tag within HTTPPARA command.

AT + CGATT =1 //attach to GPRS service

AT + HTTPTERM //terminate the HTTP request

AT +SAPBR =3,1,”"CONTYPE”,”GPRS” //setting bearer parameters, connection is GPRS
AT +SAPBR =3,1,” APN”,”internet” //setting the APN according to the local provider
AT +SAPBR =3,1,”USER”,”telenor” //setting the USER according to the local provider
AT +SAPBR =3,1,”"PWD”,”gprs” //setting the PWD according to the local provider

AT +SAPBR =1,1 //open bearer

AT + SAPBR =2,1 //query if the connection is setup properly

AT + HTTPINIT //initialize the HTTP service

AT + HTTPPARA = “CID”,1 //set bearer profile identifier

Figure 5. AT commands that are executed during the initialization procedure.

Since the initialization of the modem and the Internet connection must be performed
each time when the device is turned on or reset, we decided to use this process to send
information (arbitrarily chosen constant value) to the cloud platform that the device has
been restarted. In this way, it can be determined from a remote location whether the device
has been reset, which may be related to power problems or (un)intentional restarts of
the device.
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Though the report indicating the non-occurrence of a motor overload almost always
means that the generator is functioning properly as the overload is a rare event, the
possibility of a malfunction cannot be ignored. It may mean that there is a problem
with the GPRS modem disabling the communication between the device (which may be
working properly) and the cloud platform. Therefore, we decided to periodically send
data to the cloud platform, which only serves to confirm that the device is active, and the
communication is possible. In this version of the prototype, the sending period is an hour,
and we are only sending the value (hours) that was read from the clock (RTC).

Sending data to the cloud platform is performed using the function shown in Figure 6.
First, we must prepare the string to be sent, according to the requirements of the cloud
server. Since this string contains some variable parameters, it must be prepared each time
we need to send some data to the cloud. The first variable parameter is the type of data
that is being sent, i.e., the field in which this data will be recorded in the server. There
are currently three fields: “Power on” (field 1—the device is restarted), “Response” (field
2—the device sends data each hour) and “Overload duration” (field 3—duration of the
motor overload). The second variable parameter is the value to be recorded within the
corresponding field. The string is prepared using the sprint function within the aux_str
variable. Next, an integral part of that string is an API key, which should be known only
to the person authorized to write new data to the particular node at the cloud platform.
This is a precaution against unauthorized data entry. This string is then delivered to the
HTTPPARA command, following the “URL” parameter. Finally, we have to submit the
HTTP request by HTTPACTION command.

void send_to_cloud(int field, float value) {
char aux_str [200];
sprintf(aux_str,” AT+HTTPPARA=\"URL\”,
\”www.iot.ucg.ac.me/Data?api_key=%s&field %d=%.1f\"*,
api_key, field, value);
Seriall.println(aux_str); //send command string to the modem
Seriall.printIn(“AT+HTTPACTION=0"); //submit the request

}

Figure 6. C function for sending data to the cloud.

4. Experimental Results

Based on the previous considerations and using the mentioned components, we have
developed a prototype system that detects and issues alarms when short circuits occur
in the EKG-15 excavator. A device that is mounted inside the excavator and performs
all the necessary functions, including sending the data to the cloud, is shown in Figure 7.
The list of components used for the implementation of this device, together with the most
important characteristics, is shown in Table 4.

As can be seen from Figure 7, the Arduino Due is used as a microprocessor platform.
This platform has enough resources to meet all project requirements, and its cost does not
differ significantly from other Arduino platforms. In addition to the previously mentioned
components, the prototype also has an LCD display mounted on the device cover. During
the development of the system, we used this display to show important information about
the ongoing operation, acquired results and possible errors. In the other words, the display
is used to facilitate the development of the system. Once all development phases are
completed, including the device testing, this LCD is will no longer be needed.

Figure 7 also shows a printed circuit board on which the electrical scheme shown in
Figure 4 is implemented. During the early prototype stage, it was decided to individually
monitor each of the two motors in charge of moving the loading bucket, in such a way that
the overload detection circuit would monitor the voltage from the shunts in the circuit of
each motor. For this reason, the scheme in Figure 4 was implemented twice on the printed
circuit board. However, since it is enough to determine the existence of too high current in
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the generator circuit from which both motors are powered, in practice, only one of these
two channels is used.

The device depicted in Figure 7 was installed on an excavator in the surface mine of
the RUP and its operation was monitored for a period of two months. No irregularities
in the operation of the system were observed during that time. Nevertheless, the use of
this system significantly reduced both the duration and the frequency of motor overloads.
Before the installation of the system presented in this paper, the estimation of the overload
occurrence was at least 40 times per work shift. Moreover, most of them were not timely
and properly handled, causing the motor’s heating. Since there was not any reliable record
or evidence of overloads, all information is based on assessments and experience of the
maintenance team and experienced operators.

Figure 7. Prototype of DC motor overload detection system for excavator EKG-15.

Performance Analysis

Performance analysis of the excavator after the proposed system installation was
conducted based on the data sent to the cloud platform. Figure 8 shows some of these data
that were collected immediately after the system installation.

As mentioned in the previous section, some of the data sent to the cloud relate to the
information about the proper working of the device. The time instant at which the device
is switched on or restarted is shown in the plot labeled as “Power on”. The IoT cloud
platform automatically registers the time when data has arrived. By making use of this the
device sends a predefined numerical value to trigger the platform to register and remember
the moment when that data arrived at the cloud platform. In our prototype, this numerical
value is set to 10. Therefore, in this plot, the value that is displayed (on the y-axis) is not
relevant, but the time moment related to that value that is on the x-axis is important.
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Table 4. Specification of components used for design of the prototype of DC motor overload detection
system for excavator EKG-15.

Component Specification

MicrocontrollerAT91SAMB3XSE, operating voltage 3.3 V,
input voltage 7-12 V, digital I/ O pins 54 (of which 12
provide PWM output), analog input pins 12, analog
output pins 2 (DAC), flash memory 512 KB, SRAM
96 KB (two banks: 64 KB and 32 KB), clock speed
84 MHz.

SD card 32 GB, micro SD card Class 10

PmodSD by Digilent, Full-sized SD card slot, No
limitation on file system or memory size of SD card
used, 1-bit and 4-bit communication, 12-pin Pmod
connector with SPI interface.

Quad-band 850/900/1800/1900 MHz, GPRS multi-slot
class12 connectivity: max. 85.6
kbps(down-load /up-load), Controlled by AT Command,
Supply voltage range 5V ~ 12V, Supports 3.0 Vto 5.0 V
logic level, Low power consumption, 1 mA in sleep
mode, Standard Micro SIM Card.

Arduino Due

SD card adapter

GSM-GPRS modem

16 character x 2 lines; 5 x 8 dots; single power supply

LCD (5V £ 10%); I2C interface

Sigma-delta (X-A) analog-to-digital converter

TLP7920 optically isolated amplifier technology/Optical coupled isolation amplifier

Real-Time Clock Counts Seconds, Minutes, Hours, Date
of the Month, Month, Day of the Week, and Year, with
Leap-Year Compensation Valid Up to 2100, Accuracy +
2 ppm from 0 °C to +40 °C, Accuracy =+ 3.5 ppm from
—40 °C to + 85 °C, Fast (400 kHz) 12C Interface,
Battery-Backup Input for Continuous Timekeeping,
3.3 V Operation

Real-Time Clock
DS3231 RTC chip
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0 &
Mon, 11:00 Mon, 11:15 Mon, 11:30 Mon, 11:45 Mon, 1200 Mon, 12:15  Mon,
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Figure 8. Data visualization within UoM IoT platform cloud service.

The plot labeled as “Response” indicates device activity, i.e., that it performs its
function. Every hour, the device sends information in the form of the current time (hour)
read from the RTC. If no data arrives over a period longer than one hour, it is necessary
to check device functionality. This visual approach makes it easy to identify if any value
between 0 and 23 is missing on this plot.
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Data shown in the plot labeled as the “Duration of overload” are of primary im-
portance. This plot shows the lengths of the detected overloads, expressed in seconds.
Maintenance officers in charge of analyzing and determining the behavior of the operator
in relation to motor overload are expected to analyze the data from this plot.

As stated earlier, the data shown in Figure 8 refer to the period of operation imme-
diately after the commissioning of our system. As a result of the new system activation,
operators of the excavator have encountered a new working environment in which the
overload of the motors for more than 3 s was alarmed by the audio signal that can be heard
inside the cabin. In comparison, previously, an operator had to observe an analog instru-
ment located in their cabin, while simultaneously observing the behavior of the loading
bucket in relation to the surrounding terrain. Since monitoring the loading bucket is a far
more important task, it often happened that the operator did not notice the occurrence of
motor overload. Furthermore, operators did not have any information about the duration
of the overload.

By analyzing the data from the plots in Figure 8, based on the early spike above 5 s,
it can be seen that initially, the operator on duty kept the motor in an overload condition
somewhat longer. However, after a few of such events, operator’s reactions are faster in
response to the occurrence of overload. After the initial learning phase, the duration of
overload is shown to be constantly below 4 s. This reduced overload duration is a result
of the operator stopping the motor very soon after the audio signal appears. Clearly, this
protects the motor and extends its service life, because this prevents the motor from being
overloaded for too long, which would lead to its burnout.

After the change of a shift and the arrival of a new operator (marked with a red dot
on the diagram), a longer initial duration of motor overload repeats. After this, the new
operator gets used to the new operating mode, which again leads a significant reduction in
the overload duration.

It can be concluded that the implementation of this system has achieved the desired
effect. Now, operators can focus on the loading bucket without having to look at an
analog instrument to check how much current is being supplied to the motor. In the
case the overload lasts longer than 3 s, the operator is immediately notified and can react
promptly in order to protect the motor. During the one work shift, the overload occurred
about 15 times, although the system was in the initial phase of use. According to the data
obtained from the RUP, the overload occurrence is reduced by approximately 60%. The
duration of each overload was far less than the safe margin of 9 s. Overall, 80% of them
were under 5 s, which is a significant improvement compared to the many previously
long-lasting overloads. Last but not least, there was not any motor malfunction during the
experimental period.

5. Discussion

After a couple of months of operation and monitoring, we can conclude that the
developed system met all functional requirements defined in the initial research phase.
It has been shown that, after a period of adjustment by the operator, the duration of
motor overload is reduced thanks to the use of the proposed system. Analysis showed a
significant reduction in overload occurrence and an even greater reduction in its duration.
Moreover, during the testing period, there was not any problem with the motor of the
observed excavator.

However, the proposed solution only warns the operator when overload is detected
but does not prevent the overload occurrence. Therefore, there is an opportunity for
further improvement of the proposed device in this direction. Although the company’s
management has demanded that the control electronics remain unchanged, the possibility
of interrupting the motor supply current, in scenarios when critical events are detected,
should be reconsidered. Implementing this measure would likely result in further ef-
ficiency improvements through fewer excavator outages, lower maintenance costs and
improved productivity.
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The proposed device sends information about the duration of the motor overload
to the cloud. This information can be further used by the company’s management for
analyzing overload events and determining the potential responsibility of the operator. The
data collected can be also utilized for research and further improvement of the IoT device.
For example, many predictive maintenance tools available in the literature are based on
the motor current data. However, in order to fully support these applications, in addition
to overload data, it is necessary to store information on changes in the motor current over
time. Moreover, equipping the excavator with additional sensors and monitoring other
variables is desirable and will be one of the future goals. Finally, the proposed device uses
the HTTP protocol for data transmission, and in future versions of the device, integration
of other IoT protocols such as the MQTT will be considered.

6. Conclusions

One of the most critical challenges facing the largest coal mine in Montenegro, the
company “Rudnik uglja Pljevlja”, is the frequent failure of DC motors in EKG-15 excavators.
Repairing these motors is very expensive and takes a long time to complete. During that
time, productivity is reduced, due to the shutdown of that particular excavator. In order
to reduce the probability of machine failures and thus increase productivity, in this paper,
we propose an [oT device for monitoring DC motor overload. Functional requirements are
defined in collaboration with the RUP company and then detailed implementation of the
IoT device is provided. Experimental analysis has shown that after several months of using
the device, the frequency and duration of overload are reduced. Additionally, during the
testing period, any problem with the motor has not reported.

The paper also shows that IoT and sensing technology can be successfully applied to
traditional industrial machines of older generations to improve their efficiency and produc-
tivity. Moreover, by analyzing a specific industrial problem, it is possible to develop solu-
tions that are efficient and acceptable to companies. This is especially important in specific
application domains such as the mining industry, where technologically more advanced
solutions are not easy to develop or are not acceptable to companies for financial reasons.

Further work will be focused on improving the functionality of the proposed IoT
device. Moreover, the possibility of equipping the excavator with additional sensors and
integrating other IoT protocols will be considered. Additionally, the focus will be on
the development of intelligent predictive maintenance techniques that will be based on
collected data.
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