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Highlights:




A volcano warning system based on the Internet of Things, using sensors, a drone, a
mobile robot, and satellite imagery was developed and applied for Mount Kelud,
Indonesia.
The warning system was developed using fuzzy logic.
The measured parameters were seismicity, gas concentrations and temperature.

Abstract. Kelud is a volcano in Indonesia located between the Kediri and Blitar
districts of East Java province. This volcano has erupted multiple times between
the year 1000 and 2014, resulting in over 200,000 casualties. Therefore, a volcano
warning system is needed to detect forthcoming eruptions to minimize the number
of casualties. A warning system was developed based on sensor nodes comprising
vibration, temperature and gas (sulfur and carbon dioxide) sensors to monitor
physical parameters of the volcano, drone surveillance, mapping and temperature
measurement, and a mobile robot carrying the same sensors as the sensor nodes
for both normal and emergency situations. The system was tested on the Kelud
volcano in normal condition in August 2019. The system detected 1 Hz of
seismicity, under 1 ppm of sulfur and carbon dioxide, lake temperature at 23 °C to
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55.3 °C, ground temperature at 32 °C, and air temperature between 23 °C and 25
°C. The system can be used for 37 hours at full operation with 1 charging cycle of
the solar cell and is suitable for application in a dangerous environment.
Keywords: drones; warning system; fuzzy control; gas, Kelud; mobile robots; seismicity;
sensors; temperature; volcano.

1

Introduction

Indonesia lies within the Ring of Fire of Asia Pacific volcanoes and has 129 active
volcanoes. As an andesitic small stratovolcano, Mount Kelud is one of the most
active and often destructive volcanos in Indonesia [1-7]. It not only has hazardous
explosive eruptions but also short effusive eruptions, where lava, lahars,
pyroclastic and acid magma with high gas concentrations form an edifice [3,4].
This volcano is located at 7°56’S and 112°18’E in East Java at 1731 m above sea
level and 1650 m above populated areas in the Kediri and Blitar districts. After
its first eruption in 1000 (the oldest known eruption in Indonesia), the largest
eruptions took place in 1586, 1641, 1828, 1919, 1951, 1966, 1990 and 2014
[3,5,8]. The total number of casualties of these eruptions was more than 200,000
people from 35 villages surrounding the volcano, together with damage to
livestock, buildings, infrastructure, agriculture, etc. [1,4,7,9]. The damage was
caused by high energy released (2.2 x 109 J during the 2014 eruption and 3 x 108
J during the 2007 eruption) from the magma traveling at high velocity (over 200
m/s) in a plinian eruption [1,9].
The eruption usually begins with some seismic activity, followed by lava dome
growth, volcano-tectonic and shallow volcanic (VB) earthquakes as a rock stress
response to magmatic movement from tectonic activity and thermal conduction
of magma chambers and an increase of earthquake events (more than 1400/day),
finally leading to an eruption [1,3,4,10,11]. The seismic activity was preceded by
an increase in the temperature of the crater lake, measured by temperature sensors
about three months before the eruption, from ambient temperature (19 °C to
30 °C) to about 80 °C right before the eruption [5,8,12,13]. The heat resulted from
a combination of hydrothermal-fluid, enthalpy-solar and atmospheric radiation
[12]. The seismic activity was also preceded by a change in levels of CO2 (30%
in gaseous state) and SO2 in the crater [3-5,9,12,14]. A few hours after the
eruption, volcanic ash began to spread, reaching about 500 km westward from
the volcano, as detected in satellite images [1,7]. Unfortunately, lava and lahars
also caused the measurement system to break and for safety reasons no manual
measurements were done, while the data could not be acquired afterwards [1,3,5].
Therefore, in this research we have developed a volcano warning system based
on Internet of Things-sensor nodes comprising a vibration sensor for seismicity
measurement, temperature, CO2 and SO2 sensors, drone surveillance, mapping
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and temperature measurement, satellite image data for climate analysis of cloud
ash erupting from the volcano, and a mobile robot equipped with the same sensors
as the sensor nodes for both normal and emergency situations in case the system
fails to send data or is broken because of an eruption.

2

Methodology

In this research, physical parameter data from the volcano, i.e. seismicity,
temperature, gas concentrations (SO2 and CO2), are transmitted to a base station
and then relayed to a center station for further processing and analysis combined
with satellite image data. The sensor nodes being in a fixed location for initial
monitoring is called fixed mode (pink arrows in Figure 1) [15-19]. The robot and
drone being activated to acquire the same data is called mobile mode (blue arrows
in Figure 1) [15-19].

Figure 1 Volcano warning system.

The drone and the mobile robot are used in disaster conditions, when human
safety (of the authorized officer) has higher priority than equipment safety [1519]. These vehicles are deployed to the place where a broken sensor node is
located. In this condition, the drone will acquire the data of the volcano 2 to 3
times a day for about 15 minutes (limited by its battery durability) for each data
acquisition [20,21]. The robot will be deployed 2 to 3 times a day for data
acquisition, which takes about 1 hour [22,23]. After acquiring the data, they both
move to the location of another broken node. The satellite images are used to
enrich the data analysis in emergency mode.

2.1

Smart Sensor System

The fixed-mode sensor nodes consist of a CO2 sensor (MG811), a SO2 sensor
(TGS2602), a temperature and humidity sensor (DHT11), a seismicity sensor
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(MPU6050), a microcontroller, a 12-watt on-board rechargeable solar cell battery
for extended power supply durability, a long range radio (LoRa) for data
transmission to the base station, a LoRa-WAN for data transmission from the
base station to the center station. The real-time measurement data and fuzzy logic
warning status can be accessed using the RED node of an Internet of Things
module (Figure 2).

Figure 2 Smart sensor with microcontroller, LoRa for data transmission, sensors
for temperature/humidity, SO2, CO2, and seismicity, solar cell and power with
power supply line indicated by the dashed arrow, while the data flow is indicated
by the solid arrow, both in the transmitter (blue dashed box) and the receiver (red
dashed box).

In the fuzzification process, as the first step of fuzzy logic implementation [24],
a triangle membership function is used to make the fuzzy rules that define the
warning status of the volcano with four linguistic variables: normal (normal),
waspada (caution), siaga (warning) and awas (evacuate) (Figure 3), as expressed
in Eq. (1)-(4).

Figure 3 Triangle membership function for volcano warning status: normal (blue
graph), waspada (orange graph), siaga (grey graph) and awas (yellow graph).
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where Z(x) is the membership degree of each linguistic alert level variable and x
is the alert level of each parameter. The alert levels of seismicity are categorized
by the type of earthquake detected by the sensor nodes [25]. For example, a lowfrequency (1-2 Hz), shallow and short-duration earthquake is categorized as
‘normal’. Meanwhile, the levels of temperature are categorized by the air
temperature detected by the sensors [26]. For example, the temperature range for
the ‘normal’ level is under 37 °C. Furthermore, the gas alert levels are categorized
by their effect on the human body as indicated by the concentrations detected by
the sensors [27,28]. For example, the ‘normal’ level is under 12 ppm and 600
ppm for the SO2 and the CO2 concentration respectively. The combination
possibilities of the four sensors (SO2, CO2, temperature and seismicity) form 53
fuzzy rules for the alert levels. For example, if SO2 is ‘normal’, CO2 is ‘normal’,
temperature is ‘normal’ and seismicity is ‘normal’, then the warning status is also
‘normal’.
The clipping inference process of the fuzzy logic uses the Mamdani model,
because of its easy implementation. It has to be defuzzificated by composition
when it is aggregated with other functions to form a singular fuzzy set [29]. The
inference uses a conjunction for the minimum membership degree of the
linguistic variables:
𝐶𝑜𝑛𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛: 𝑇(𝑃˄𝑄) = 𝑚𝑖𝑛{𝑇(𝑃), 𝑇(𝑄)}

(5)
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where P is between [0,1] and T is the ‘true’ function of P to interval [0,1].
The last step in fuzzy logic is defuzzification [30]. The weighted average method
is used to generate the crisp value:
𝑦∗ = ∑

𝜇(𝑦)𝑦
𝜇(𝑦)

(6)

where y is the crisp value and 𝜇(𝑦) is the membership degree of crisp value y.
These values are then substituted by the linguistic variables of the volcano
warning system and alert level curves can be plotted using Eqs. (1)-(4).

2.2

LoRa and LoRaWAN

LoRa is a frequency modulation format using phase shift keying (PSK) and
frequency shift keying (FSK) transmission with a stable frequency value [31].
This low-cost (both in terms of purchase and power consumption) radio can be
implemented for long-range applications until 100 km with high capacity and
security (using end-to-end AES128 encryption), and also for geolocation [32]. In
this research, this M2M (machine-to-machine) communication method was used
for the transducers of the transmitter and the receiver.
LoRaWAN uses a star-on-star topology (for efficient power consumption and an
increased communication range, especially for the tracking devices) to transmit
messages to the center server through a gateway for collision avoidance. This
transmission process provides redundancy detection, security detection,
scheduling and message transmission. LoRaWAN has been tested over 4.3 km of
urban area and 9.7 km of open village space [33], therefore it was suitable to be
applied in this research for real-time high-resolution data communication.

2.3

Solar Cell and Battery

A renewable energy source was used for the power supply in this research,
employing a solar cell, which is suitable for Indonesia with all-year sunshine. The
harvested electric energy was stored in a battery as chemical energy.
𝑆𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =

𝑆𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑝𝑜𝑤𝑒𝑟
𝑆𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

(7)

The current consumed by the system and its lifetime are formulated in Eq. (8) and
(9):
𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑤𝑎𝑡𝑡)
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 (𝑣𝑜𝑙𝑡)

(8)

𝑎𝑚𝑝𝑒𝑟𝑒 ℎ𝑜𝑢𝑟 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 (𝑎𝑚𝑝𝑒𝑟𝑒 ℎ𝑜𝑢𝑟)
𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑎𝑚𝑝𝑒𝑟𝑒)

(9)

𝐶𝑢𝑟𝑒𝑛𝑡𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑎𝑚𝑝𝑒𝑟𝑒) ≅
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 =
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The battery should be charged when it is empty, therefore the maximum current
capacity of the battery should be known for calculating the charging time.
𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ) =

2.4

𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑎𝑚𝑝𝑒𝑟𝑒 ℎ𝑜𝑢𝑟 (𝑎𝑚𝑝𝑒𝑟𝑒 ℎ𝑜𝑢𝑟)
𝑆𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑎𝑚𝑝𝑒𝑟𝑒)

(10)

Drone

A quadcopter equipped with a Gimbal 12 MP camera and a 5870 mAh drone
battery from DJI was used for this research. This Phantom 4 Pro series drone was
controlled using the Phantom 4 Pro software on a smartphone along with the DJI
GO application. After images have been taken by the drone, which flies following
a flight plan, they are exported to the software to build a 3D model and an
orthophoto for further analysis [20,21].

2.5

Mobile Robot

A robot with a proportional-integral-derivative (PID) controller using a skidsteering mechanism, Robot Operating System (ROS), Real Time Operating
System (RTOS) for kinematics and dynamics was used to acquire volcano
parameter data (SO2 CO2, temperature and seismicity) while in mobile mode
[22,23].

3

Result and Discussion

3.1

Seismicity

Raw data in the form of acceleration versus time were computed using the fast
Fourier transform (FFT) for frequency domain transformation. Hereafter they are
presented as their root mean square (RMS) value (Figure 4), after calculating the
power spectral density (PSD). Thus, the spectral component contribution for each
frequency can be analyzed [34].

Figure 4 The x-axis RMS until a frequency of 100 Hz (a), the y-axis RMS (b)
and the z-axis RMS (c) for Mount Kelud in August 2019.

Moreover, it can be seen that the seismicity was only 1 Hz for 0.32 gRMS on the
x-axis, 0.15 gRMS on the y-axis and 0.42 gRMS on the z-axis (Figure 4), which can
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be categorized as a normal level for this volcano. The other peaks in Figure 4 can
be considered noise from the device, with low-frequency noise (until 10 Hz)
about 0.03 gRMS and 0.05 gRMS up to 100 Hz [35].

3.2

Gas Concentrations

The sulfur dioxide concentration slightly varied between 0.298 and 0.464 ppm,
similar to the carbon dioxide concentration, which varied from 0.306 to 0.391
ppm (Figure 5). According to the datasheet these ranges are categorized as noise,
where the typical detection range is 1 to 10 ppm for SO2 [36] and 300 to 10,000
ppm for CO2 [37]. Therefore, there no contaminant gases were measured during
this observation and the volcano was in normal condition. In the future, more data
processing using a suitable filter will be done before the data are presented for
analysis.

Figure 5 Sulfur dioxide concentration (blue graph) and carbon dioxide
concentration (orange graph) of for Mount Kelud in August 2019.

3.3

Temperature

It can be seen from the map in Figure 8 that the temperature of the crater lake
varied between 29.5 °C and 55.3 °C (Figure 6), while the ground temperature was
32 °C and the air temperature was between 23 °C and 25 °C at around 12 a.m.
(inset of Figure 7), which can be categorized as a normal condition for this
volcano. The temperature data were confirmed by other devices: a thermos-gun
for the ground temperature (red graph of Figure 10) and Automatic Weather
System (AWS) for the air temperature (blue graph of Figure 7).
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Figure 6 Temperature of the crater of Mount Kelud in August 2019 using an
infrared sensor of the drone and a parameter map (top left) constructed from drone
images (inset table).

From the inset table in Figure 6 it can be concluded that the map had a geolocation
error (difference between initial and computed images) of about 0.01% for the x,
y and z axis for 0.15 km2 of average covered and an average ground sample
distance (GSD) of 3.81 cm/1.5 in. This error is sufficiently small for the
construction of a map of the Kelud crater from drone images [20,21].

Figure 7 Ground temperature (red graph) and air temperature (blue graph) of the
Kelud volcano in August 2019 from 7 a.m. to 7 a.m. the next day and temperature
(ground and air) of Mount Kelud at around 12 a.m. (inset graph).
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3.4

Volcano Warning Status

Based on the field data for SO2 (0.298 to 0.404 ppm), CO2 (0.306 to 0.191 ppm),
air temperature (23 °C to 25 °C) and seismicity (1 Hz) as fuzzy input data for the
fuzzification process, SO2 was at a normal level [27], CO2 was at a normal level
[28], seismicity and air temperature were also at a normal level [25,26]. Only one
fuzzy rule was used for this condition from the membership function of the graph
in Figure 3: IF SO2 = normal AND CO2 = normal AND TEMPERATURE =
normal AND SEISMICITY = normal THEN WARNING =
NORMAL.Therefore, the clipping inference process (Eq.(5)): IF SO2 = normal
(≈0) AND CO2 = normal (≈0) AND TEMPERATURE = normal (≈0) AND
SEISMICITY = normal (≈0) THEN WARNING = NORMAL (≈0). The
membership degree value of the defuzzification process used Z(x)normal = 0 (Eq.
50−𝑥
(1)), 25 = 0. Moreover, the level value (x) of this condition, 𝑥 = 50%.
Therefore, the alert level value for the Kelud volcano from these field data
according to (Eq. 6) was 𝑦 = 0 × 50 = 0% (NORMAL).

3.5

Solar Cell and Battery

Generally, the data were acquired between 11 and 12 am. For this time range the
output power of the solar cell is presented in Figure 8, where the average power
was 10.88 watt, the average voltage was 19.34 volt and the average current was
562.3 mA (Eq. (7)).

Figure 8 Output power of the solar cell over time.

The solar cell was designed to supply the power for the 12 volt/7 ampere/hour
battery of the sensor system, which consumed about 2 watts of power in full
operation mode (sensors, microcontroller, LoRa and other components).
Therefore, the consumption current of the system was about 0.19 A (Eq. (8)). The
battery was empty after about 37 hours in full operation mode (Eq. (9)). It could
be recharged by the solar cell in about 12 hours of fully charging (Eq. (10)).
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3.6

LoRa and LoRaWAN

In this research, we placed the sensor node and control station 400 m apart.
Within this distance, the data could be received with a percentage error rate (PER)
of only about 3%. However, when monitoring the volcano the distance will be
greater, i.e. about 6 km as the distance from the summit to the observatory post
on Mount Kelud.

4

Conclusion

A volcano warning system for Mount Kelud was developed. The system could
detect a number of physical parameters of the volcano in normal condition, i.e.
seismicity (1 Hz), gas concentrations (So2 and CO2) under 1 ppm and temperature
(23 °C to 55.3 °C for the lake, 32 °C for the ground and 23 °C to 25 °C for the
air), which indicated that the system worked properly for about 37 hours in full
operation mode until the battery had to be charged using the solar cell. However,
the step of filtering the raw data is still needed before the data are presented for
further analysis. In addition, a more powerful antenna should be used in the future
for better data communication.
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