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Abstract

Aviation accidents are often caused by incorrect airspeed readings due to inaccurate pitot-static sensors. This
study develops an IoT-based Air Data Test Set (ADTS) for real-time airspeed calibration, utilizing an ESP32,
MS5803 sensor, MQTT protocol, and Node-RED interface. Unlike previous studies limited to local monitoring,
Node-RED in this study functions as an interactive control hub as well as an integrated visualization platform with
automatic logging to MySQL, thereby enhancing the system’s reliability and accessibility. Experiments were
conducted over a range of 20—140 knots with five repetitions per data point, resulting in communication latencies
of 200-500 ms and high accuracy, with pressure-to-speed conversion errors ranging from 0.09% to 14%. The
largest deviation occurred at low speeds (40 knots, —14%), whereas at speeds above 70 knots, errors remained
below +1%. With features such as remote control, real-time monitoring, and automatic logging, this system
provides a practical calibration tool for laboratories and educational purposes, while also laying the groundwork

for further development under more realistic flight conditions.
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1. Introduction

Aviation safety remains a top priority in the global
aviation industry. Numerous incidents and accidents
have been linked to instrument discrepancies or sensor
malfunctions in aircraft systems [1]. Human factors,
particularly pilot attention distribution, along with the
reliability and accuracy of instruments such as the
airspeed indicator, altimeter, and vertical speed
indicator, play a critical role in overall flight safety [2],
[3]. One key component is the pitot-static sensor,
which measures dynamic and static pressures to
generate essential flight data, including airspeed and
altitude [4]. Given its critical role, the pitot-static
sensor must be regularly tested and calibrated to
ensure reliability in supporting pilot decision-making
[1].

The Air Data Test Set (ADTS) is a dedicated
testing instrument designed to evaluate and calibrate
aircraft flight instruments by simulating air pressure
under various altitude and airspeed conditions [5].
ADTS is commonly used to verify the performance of
three primary instruments airspeed indicator,
altimeter, and vertical speed indicator through precise
control of static and dynamic pressures in a controlled
environment [5].

However, conventional ADTS systems still rely on
manual data acquisition and are limited to local
environments. To address these limitations, this study
proposes the development of an Internet of Things
(IoT)-based system that enables real-time monitoring
and control [6], utilizing the Node-RED platform,
Mosquitto MQTT protocol, and a MySQL database

[71.[8].

The proposed system is designed as an embedded
system using the ESP32 microcontroller as the central
controller, integrated with the MS5803 pressure
sensor for wireless data acquisition and transmission
[9],[10]. The measured pressures are calibrated to
derive airspeed and altitude parameters that closely
approximate commercial ADTS performance [11].
Node-RED  provides a graphical flow-based
programming interface for data processing and system
control [12], while real-time communication is
managed through the Mosquitto MQTT broker [13].
Experimental data are stored in a MySQL database to
support historical analysis [14].

Through the integration of ESP32, MSS5803,
MQTT, Node-RED, and MySQL, this system is
capable of simulating air pressure conditions similar
to commercial ADTS, with a responsive real-time
monitoring  platform. Previous studies have
emphasized the importance of IoT applications in
avionics [15], yet few have integrated all components
into a single functional and customizable ADTS
platform. Therefore, this study contributes by
developing an IoT-based ADTS monitoring
dashboard, which offers advantages in real-time
pressure and vacuum monitoring while supporting
data integration for instrument performance analysis
[16]. The objective of this research is to design and
develop an ESP32- and MS5803-based ADTS for
simulating air pressure in pitot-static instruments, as
well as implementing an IoT platform using Node-
RED, Mosquitto MQTT, and MySQL for efficient and
integrated system monitoring and control.
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2. Materials and Methods

The Air Data Test Set (ADTS) system presented in
this study represents a technological advancement that
integrates hardware components with Internet of
Things (IoT) technology, as an evolution from
previous hardware-based systems that relied solely on
pneumatic mechanisms. The main advantage of this
IoT-based system lies in its ability to monitor and
display pressure readings (in mbar) and vacuum levels
(in inHg), as well as to control parameters required to
achieve target values on pitot-static indicators,
including the Airspeed Indicator (ASI), Altimeter, and
Vertical Speed Indicator (VSI). This aligns with
Kabashkin et al [17], which explains that IoT sensors
are strategically deployed throughout the aircraft to
collect real-time data on various parameters, such as
engine performance, structural integrity, and
environmental conditions, thereby providing a
comprehensive overview of the aircraft’s operational
status.

The primary focus of this system development is
the implementation of airspeed indicator testing,
enabling precise control of the input values for the ASI
according to specific testing requirements. In addition,
the system is equipped with a data logging feature that
facilitates the analysis and evaluation of the airspeed
indicator’s sensor performance. With the capability
for remote control and efficient data recording, the
system plays a vital role in ensuring the optimal
performance of aircraft instrumentation.

2.1 System Flow Design

The Internet of Things (IoT)-based Air Data Test
Set (ADTS), as shown in Figure 1, begins with
pressure and vacuum measurement using the MS5803
sensor. The acquired data are processed by the ESP32
microcontroller and transmitted via the Mosquitto
Broker using the Message Queuing Telemetry
Transport (MQTT) protocol, which is widely adopted
in IoT applications due to its lightweight design [18].
The transmitted data are then distributed to Node-RED
for real-time visualization through web-based gauges,

RED also controls actuators such as pumps and
solenoid valves based on the received data and stores
the results in a MySQL database [19]. This
architecture ensures efficient integration between
hardware and digital monitoring systems while
supporting systematic data logging and further

analysis.
MS5803 PUB™  Mosquitto
—INPUT- ESP32
(Pressure, Vacuum) SuB—I Broker
suB PUB
..... RT
MySQL Node-RED
SELECT >

Figure 1 System Flow Diagram of the IoT-based
ADTS

2.2 Hardware Components

Figure 2 presents the flow diagram of the Air Data
Test Set (ADTS) system, which utilizes the ESP32
microcontroller as the central data processor. ESP32 is
a highly integrated chip designed for IoT applications
and capable of processing sensor data and controlling
peripheral devices [20]. In this diagram, the MS5803
sensor measures air pressure, which is then processed
by the ESP32 to control the pump and solenoid valve
that regulate pressure and vacuum levels within the
system.

The system is also equipped with a pressure gauge
and vacuum gauge, which are used to monitor test
results and ensure accurate pressure adjustments. The
measured total pressure and static pressure generated
by the system are subsequently directed to the airspeed
indicator, altimeter, and vertical speed indicator to
perform instrument calibration for aircraft.

This component diagram demonstrates how each
part of the system works in an integrated manner to
ensure efficiency and accuracy in the testing and
calibration of aircraft flight instruments.

charts, and graphs. In addition to visualization, Node-
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Figure 2 Flow Diagram of the Hardware Components in the ADTS

The Air Data Test Set (ADTS) shown in Figure 3
consists of several integrated components designed to
test the pitot-static indicators of an aircraft. The figure
illustrates the integration of hardware and pneumatic

systems, where sensors, pumps, and solenoid valves
are combined to regulate pressure and vacuum
according to the testing requirements.
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Figure 3 Integration of hardware and pneumatic
components in the ADTS prototype

2.3 Data Acquisition and Storage Logic

In this system, the MQTT protocol is used as a
real-time data communication method between the
ESP32 sensor device and a processing interface such
as Node-RED. MQTT supports asynchronous
communication based on the publish/subscribe model,
which is efficient and requires low bandwidth [21].
This protocol enables low-latency and high-efficiency
data transmission, making it particularly well-suited
for IoT systems that require continuous and integrated
communication [18]. The transmitted parameters
include:

1) Pressure data (esp32/pressure)

2) Vacuum data (esp32/vacuum)

3) Target airspeed in knots (esp32/set_knots)

4) Relay status (esp32/relay_status)

Node-RED is configured to subscribe to these
topics. The systematic process from data reception to
storage is outlined in the following pseudocode:

Algorithm 1 presents the pseudocode of the real-
time data processing workflow, starting from sensor
acquisition via MQTT to storage in the MySQL
database. Each data packet is verified, and if valid, the
pressure is converted into airspeed (knots) using the
convertPressureToKnots() function, after which the
system status is determined based on the relay
condition. The labels “Start” and “End” mark the
testing cycle to support instrument documentation and
calibration. This approach ensures data integrity and
enables systematic tracking of system performance.
Previous studies have shown that MQTT is efficient
and reliable for loT-based real-time monitoring and is
compatible with interfaces such as Node-RED [22].

Algorithm 1 The Pseudocode of MQTT Data
Logger with relay status
1. Initialize:
1.1 Set MQTT topics:
- topic_pressure = "esp32/pressure"
- topic_vacuum = "esp32/vacuum"
- topic_set _knots = "esp32/set_knots"
- topic_relaystatus = "esp32/relay_status"
1.2 Initialize previous relay status:
- prevRelayStatus = None
2. Loop (continuously):

Algorithm 1 The Pseudocode of MQTT Data
Logger with relay status (cont.)
2.1 Retrieve data from MQTT topics:
- pressure, vacuum,set_knots, relay_status
2.2 If any data is None:
- Print error and skip loop
2.3 Convert pressure to knots:
- Knots = convertPressureToKnots(pressure)
2.4 Determine targetKnots:
- If setKnots is provided.:
- targetKnots = setKnots
- Else:
- targetKnots = Knots
2.5 Check relay status change:
- If relayStatus != prevRelayStatus:
- If relayStatus == "OFF":
- status = "End"
- Else:
- status = "Start"
2.6 Insert data into database:
- InsertDataToDatabase
(pressure, vacuum,
verticalspeed, status)
2.7 Update previous relay status:
- prevRelayStatus = relayStatus

airspeed, altimeter,

2.4 Dashboard Development

The system utilizes a Node-RED dashboard as the
main interface for real-time monitoring and control of the
Air Data Test Set (ADTS). Pressure and vacuum sensor
data are displayed through interactive gauges, along with
visualizations of airspeed, altimeter, and vertical speed
indicator. Control buttons are also provided to adjust
airspeed and pressure. This approach offers an intuitive
and responsive interface with immediate visual feedback,
enhancing operational efficiency. As reported in previous
studies, Node-RED serves as a flexible and reliable
platform for IoT sensor data integration and real-time
flow-based applications [19].

Figure 4 illustrates the data processing flow,
starting from sensor data reception via MQTT from
the ESP32, then processed using logic functions
before being visualized on the dashboard. The main
features in this flow diagram include:

1) Validation and manual input of airspeed
(knots) via SET KNOTS and RESET buttons, which
are published to the MQTT broker.

2) Relay ON/OFF control, which is linked to
output devices for simulating loads or triggering
external components.

3) Data storage into a MySQL database through
the Insert Database node, limited to test states labeled
as “start” and “end” to prevent redundant data logging.

4) Clear Table and Refresh Table functions for
immediate data deletion and table reload from the
dashboard interface.

This flow structure ensures that user commands
are immediately translated into system actions,
enabling real-time interaction and supporting efficient
test execution
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Figure 5 presents the Node-RED dashboard
interface for monitoring and controlling the Air Data
Test Set (ADTS). The dashboard employs digital
analog-style gauges that replicate aircraft instruments,
thereby enhancing data readability and accuracy for
operators. The main features include:

1) Pressure & Vacuum Gauges: Displaying total
pressure and vacuum in real time.

2) Airspeed Indicator (ASI), Altimeter, VSI:
Simulating aircraft instruments with pointer needles and
safety zones (green: normal, yellow: caution, red: critical).

espd2pressure (<
[ ===

Felay OFF Trigger  (——

3) Sensor Graph: Visualizing continuous fluctuations
of pressure and vacuum over time.

4) Test Table: Presenting complete test data with
timestamps and status, equipped with a CLEAR ALL
DATA button.

5) Airspeed Control Panel: Allowing airspeed
(knots) input with SET and RESET buttons, as well as
input validity indicators.

The aircrafi-style layout facilitates intuitive interaction
for technicians and operators, minimizes reading errors, and
accelerates decision-making during testing and calibration.

Figure 4 Data Processing Flow Diagram on the Node-RED Dashboard
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Figure 5 Node-RED Dashboard Interface for ADTS Monitoring and Control

2.5 Algorithm of System Operation
The conversion of pressure into airspeed can
essentially be explained by the pitot-static equation

derived from Bernoulli’s principle [23]. This
relationship is given in Eq. (1):
2(P¢—Ps)

= [——= 1

v= e M

Where P; is the total pressure (Pa), P; is the static
pressure (Pa), and p\rhop is the air density (kg/m?). The air
density is calculated from the local pressure and

temperature using the ideal gas equation, as shown in Eq.

@

Ps

p ==, R=287.05]/(kgK)

2

All pressures are expressed in Pascal (Pa), with the
conversion 1 mbar = 100 Pa, irspeed is reported in
knots, with the conversion 1 knot = 0.514444 m/s. In
general, the aeronautical literature adopts the standard
ISA air density of p = 1.225kg/m® (sea level,
15°C), 1013.25 hPa) [24]. However, since the
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experiments were conducted in Bandung (750 m
above sea level), this study employed the local air
density calculated from barometric pressure and
temperature at the time of testing, namely p =
1.14 kg/m® (Bandung, £750 m a.s.l.). Accordingly,
the theoretical Bernoulli values used in the accuracy
analysis represent the actual conditions at the test site.

However, the developed system does not
implement Bernoulli’s equation directly. Instead, it
utilizes an empirical calibration curve obtained from
the reference instrument, with the conversion
performed through linear interpolation between the
calibration points, as expressed in Eq. (3):

_ (9-91) _
V=nh+ (a2-q1) V2 —V) G

(a)
Figure 6 Comparison of pressure readings between (a) Ransburg EM837-3 analog pressure gauge and (b)
MS5803 sensor on the LCD display.

Table 1 shows that the difference between the
sensor and the reference instrument ranges from +0.13
to +0.99 mbar. This deviation is relatively small at
lower pressures but increases at higher pressures.
Nevertheless, the values are still acceptable for
monitoring applications; however, further precision
validation requires calibration against a traceable
pressure standard.

Table 1 Comparison of Sensor and Gauge Measurement
Results

Reference MS5803 Sensor | Difference
Instrument (mbar) (mbar) (mbar)
10.00 10.13 +0.13
20.00 20.24 +0.24
30.00 30.35 +0.35
40.00 40.23 +0.23
45.00 45.99 +0.99

2.7 Database Design and Logging

The system utilizes MySQL as the primary
database to record testing results. MySQL is an open-
source relational database management system that
allows users to create, manage, and manipulate data
efficiently [25]. The main table used is sensor_data,
which stores key data such as pressure, vacuum,
airspeed, altimeter, vertical speed, status, and
timestamps. Data are recorded only at two critical
moments in each testing cycle: when the test begins
("start") and when it ends ("end"). This approach is

Where q is the measured pressure (mbar), g, and g, are
the nearest calibration pressures, and V; and V, re the
corresponding airspeeds (knots) at those calibration points.
With this approach, the convertPressureToKnots()
function consistently follows the empirical calibration
curve, while the theoretical Bernoulli values are used only
as a baseline for accuracy analysis.
2.6 Sensor Accuracy Evaluation

To ensure measurement accuracy, the readings of
the MS5803 sensor were compared with a reference
instrument, namely the Ransburg EM837-3 analog
pressure gauge. The comparison is presented in
Figure 6, where Figure 6(a) shows the analog gauge
reading of approximately 45.00 mbar, while Figure
6(b) displays the sensor reading on the LCD of 45.99
mbar.

Fressure:
Llacms:

(b)

designed to minimize data redundancy and ensure
efficient storage while supporting further data analysis

Figure 7 illustrates the structure of the sensor data
table within the MySQL database. This table records
essential flight parameter data at the beginning and
end of each ADTS test session, enabling efficient and
structured logging. The columns in the table are
described as follows:

1) (id (int (11)): Primary key, auto-increment for
each entry.

2) pressure (float):
measured by the sensor.

3) vacuum (float): Static pressure or vacuum for
differential calculations.

4) airspeed (int (11)): Airspeed in knots, derived
from pressure differential.

5) altimeter (int (11)): Estimated altitude in feet or
meters from atmospheric pressure.

6) verticalspeed (int (11)): Rate of altitude change
(vertical speed).

7) status (varchar (10)): Test phase indicator, e.g.,
“start” or “end.”

8) realtime (timestamp): Automatic log of entry
time, updated on modification.

This database structure supports a systematic
calibration and monitoring process for air data
measurement systems. By focusing data logging on
the critical start and end points of each test, the system
reduces storage overhead while maintaining accuracy
and traceability of the recorded data

Total (pitot) pressure
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# Name Type Collation
O 1id int(11) No  None
) 2 pressure  float No None
O 3 vacuum float No  None

) 4 airspeed  int(11) No  None

0 5 altimeter  int(11) No  None
) 6 verticalspeed ini(11) No  None
0 7 status varchar(10) utf8mbd4_general_ci No  None

) 8 realtime timestamp No current fimestamp()

Figure 7 MySQL database structure

ON UPDATE CURRENT_TIMESTAMP()

The pseudocode in Algorithm 2 is designed to
receive sensor data via the MQTT protocol and process
it in Node-RED. The process begins with the reception of
validated airspeed values (knots), which are then stored
with the status start. Subsequently, the pressure, vacuum,
and airspeed data are used to control the pump or relay in
order to reach the target pressure. Node-RED monitors
the relay status until the condition off is reached,
indicating that the target pressure has been achieved. At
this stage, the final data, including pressure and vacuum
values, are stored with the status end. The entire dataset,
recorded only at the start and end points of the testing
cycle, is then stored in the MySQL database. This
approach ensures storage efficiency, data consistency,
and supports more structured data processing within the
IoT-based ADTS system.

Algorithm 2 Test data Processing and Storage in
MySQL Database
1. Step 1: Receive Knots input
1.1 If InputKnots is valid:
- status = "start"
- knots = InputKnots
- first_pressure = ReadPressureFromSensor()
- first vacuum = ReadVacuumFromSensor()
2. Step 2: Read pressure, vacuum, and control
pump/relay
2.1 pressure = ReadPressureFromSensor()
2.2 vacuum = ReadVacuumFromSensor()
2.3 ControlPumpRelay(target pressure)
3. Step 3: Check relay status
3.1 If Relay OFF:
- last _pressure = ReadPressureFromSensor()
- last vacuum = ReadVacuumFromSensor()
- status = "end"
4. Step 4: Send data to MySQL
4.1 SendDataToMySQL(start_data, end data)
- start_data = (airspeed, altimeter, verticalspeed,
first_pressure, first vacuum, status="start")
- end data = (last pressure, last vacuum,
airspeed, altimeter, verticalspeed, status="end")

2.8 Implementation of the Air Data Test Set System
on the Instrument Panel
In this implementation, the Air Data Test Set
(ADTY) is integrated into an instrument panel, which
serves as a learning platform for understanding the
functions of flight instruments, including those related
to the pitot-static indicators.

Figure 8 presents the flow diagram of the ADTS
system on the instrument panel. The diagram
illustrates the pressure flow from the ADTS to the
airspeed indicator to simulate real flight conditions. In
addition, the system is connected to the Node-RED
platform via the MQTT protocol using the Mosquitto
Broker, enabling real-time monitoring and control
through a digital interface.

( A\
Monitoringand |, . Access Point [+ x> ADTS
Control
J

Pressure

Airspeed

Out Pressure Total

Indicator Pressure Total

Figure 8 System Flow Diagram of ADTS on the
Instrument Panel

The physical implementation is shown in Figure 9. In
this configuration, the ADTS directly supplies the total
pressure to the airspeed indicator to replicate the
operational characteristics of the pitot-static
instrument. The system is fully integrated with Node-
RED via the MQTT protocol, with a laptop serving as
the main interface for monitoring and control. This
implementation demonstrates the integration of
hardware with a real-time IoT-based monitoring
system, while also providing an effective training
environment for simulating actual flight conditions.

amme P

ama
LICE 2

Figure 9 Air Data Test Set Implemtation with
Instrument Panel

3. Results and Discussion
3.1 Sensor Stability and Accuracy

The stability and accuracy evaluation of the
sensors was carried out to ensure the reliability of
pressure and vacuum measurements in the Air Data
Test Set (ADTS). This analysis was based on real-time
sensor data collected during testing.

Figure 10 shows the sensor readings of pressure and
vacuum. The green curve represents pressure in millibars
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(mbar), while the red curve indicates vacuum in inches of
mercury (inHg). The pressure sensor exhibited small
fluctuations at the beginning of the test, ranging from
—0.05 to 0.05 mbar, which indicates stable performance
with a low noise level. In contrast, the vacuum sensor
showed a relatively flat pattern. This is due to the use of the
inHg unit, which has a larger scale compared to mbar

Pressure (mbar)

(1 inHg =~ 33.8639 mbar), making small variations in
pressure less noticeable in the graph [26].

Opverall, both sensors demonstrated sufficient stability
and accuracy to support the simulation of pressure and
vacuum measurements in the ADTS. This stability ensures
that the system is capable of representing flight conditions
with a good level of reliability.

Cor O

[ Al Bookmarks

Vacuum (inHg)

Figure 10 Graph of Initial Pressure and Vacuum Sensor Values

3.2 Data Transmission and Dashboard Performance

In this section, a performance test of data transmission
using the MQTT protocol was conducted to evaluate the
stability and latency of data delivery from the ESP32 device
to the Node-RED dashboard. The testing focused on two
main aspects: the conformity of the transmission interval
with the sampling configuration (100 ms) and the variation
of end-to-end latency experienced during the data
transmission process.

& Maps
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500

0 T8 %e 2 e ese eevel s s
350
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50

154115 154120 154130 154135
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Figure 11 shows the variation of the actual latency,
which ranged from 200 ms to 500 ms, higher than the
configured transmission interval of 100 ms. This indicates
the presence of jitter, mainly influenced by wireless network
conditions such as signal interference and traffic congestion.
These results are consistent with the findings of [22], which
reported that although MQTT is designed for low-latency
communication, unstable wireless network performance can
cause significant variations in transmission time.

Interval (ms) 204 ms

Interval MQTT (ms)

|l oo [l

s %8

154125 154140

15:41:35

154130

Pressure (mbar)

45
154115 154120 154125 154130 15:41:35 15:4140 154146

Figure 11 Graph of Data Transmission Intervals to MQTT

The end-to-end latency in this system can be
broken down into three main components:

1) Device (ESP32): Sensor acquisition and loop
processing, including a 100 ms sampling delay.

2) MQTT broker: Message reception and routing
process, relatively small (= 1-5 ms).

3) Dashboard (Node-RED + browser): Data
processing and graphical rendering pipeline, which
adds variations of up to several tens of milliseconds.
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Although the recorded latency is higher than the
configured transmission interval, the average value of
approximately 200 ms is still adequate for real-time
monitoring. The variations are mainly caused by Wi-
Fi communication jitter and dashboard rendering
overhead; however, data updates remain responsive,
ensuring that both analog and digital indicators appear
visually synchronized [16].

Thus, the latency variation of up to 500 ms is
mainly attributed to Wi-Fi network jitter and
dashboard visualization overhead, while the average
latency of around 200 ms remains adequate for real-
time monitoring applications

#1/02s0cketid=hM71XCeCaMB-XbDpAABY

= MQTT Monitor

Interval (ms)

Interval MQTT (ms)

1800
1,600

3.3 System Performance Evaluation Under Various

Conditions

To ensure reliability, the system was tested under
various operational conditions that represent real-world
scenarios. The first test was conducted to evaluate latency
at a distance of 20 m, with the device placed outdoors and
the access point located indoors. The results showed that the
system was able to transmit pressure and vacuum sensor
readings via MQTT with an average latency of 200-300
ms, despite the presence of wall obstructions. However,
occasional latency spikes of up to 1.7 seconds occurred, as
shown in Figure 12, caused by signal blockage that delayed
the publication of sensor data to the web broker.

s Interval (ms)

Interval MQTT (ms)

Figure 12 Graph of MQTT Communication Interval and Vacuum and Pressure Sensor Values

Based on Table 2, the system performance
remained stable and did not show significant
differences compared to the test with unobstructed
signals, as shown in Figure 11, which had an average
latency of 200-500 ms without notable spikes.
Although an outdoor test recorded latency spikes of up
to 1.7 seconds, this did not reduce the overall system
performance but only caused temporary delays in real-
time data updates on the browser.

In addition, a field test was conducted at different
heights under the assumption that the static pressure
(Ps) was equal to the atmospheric pressure. The access
point was placed on the first floor of the Faculty of
Applied Science Building, Telkom University,
Bandung (£768 m above sea level), with testing
carried out on the first and fourth floors to evaluate the
effect of altitude on system performance. The results
showed that the difference in height did not have a
significant impact on either target achievement or data
accuracy. The latency observed during testing also did
not affect system performance, as shown in Table 3.
Although the initial sensor readings indicated
variations due to atmospheric differences between the
first and fourth floors, these did not affect the
measurement outcomes.

Overall, the test results confirm that the system is
capable of operating consistently in achieving
measurement targets under various environmental
conditions, including differences in distance, physical
obstructions, and altitude variations

Table 2 Pressure Sensor Performance Against Target
in Stable and Unstable Networks

Knots Target Measured Sensor Value
(mbar) Indoor Outdoor
20 1 1.14 0.83
30 2 2.16 1.64
40 3 2.94 2.76
50 5 5.05 5.1
60 7 6.64 7.39
70 10 10.18 10.06
80 15 14.85 14.78
90 20 19.91 19.91
100 25 25.22 25.24
110 29 28.84 29.12
120 34 33.72 35.72
130 39 39.28 41.28
140 45 44.86 47.86
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Table 3 Comparison of Pressure Readings at Different Altitudes Based on Atmospheric Pressure

T ¢ First Floor Fourth Floor
Knots (r::ll;ii) Initial Reading Measured Value Initial Reading Measured Value
(mbar) (mbar) (mbar) (mbar)

20 1 -0.63 1.14 -2.79 0.82
30 2 -0.52 2.16 -2.07 2.38
40 3 -0.32 2.94 -1.94 3

50 5 -0.66 5.05 -2.08 4.75
60 7 -0.90 6.64 -2.35 7.17
70 10 -0.19 10.18 -2.13 10.45
80 15 -0.03 14.85 -2.18 15.39
90 20 -0.57 19.91 -2.52 19.5
100 25 -0.69 25.22 -2.07 24.84
110 29 -0.32 28.84 -2.28 29.4
120 34 -0.40 33.95 -1.99 34.04
130 39 -0.09 39.23 -2.98 38.85
140 45 -0.12 45.04 -2.26 45.03

3.4Input Knots and Target Pressure Evaluation

The Air Data Test Set (ADTS) system testing was
focused on the airspeed indicator (ASI), since the vacuum
system was not functioning optimally and the altimeter and
vertical speed indicator components were not yet available
in the hardware configuration. Consequently, the
evaluation was limited to the dynamic pressure generated
by the pump, which was converted into airspeed (knot)
through an empirical calibration method.

This method was selected because the system lacked
a stable static pressure regulation, making theoretical
approaches less reliable. Empirical calibration was
considered more suitable under these conditions, as it
provides a simpler implementation while still being able
to adjust pressure values to match the target airspeed [27].

The objective of this test was to evaluate the
consistency and accuracy of the pressure generated in

Vertical Speed UP

Vertical Speed

A

relation to the target airspeed (knot) on the ASI. The input
airspeed values were entered through the monitoring
dashboard, which simultaneously displayed the digital
airspeed indicator to monitor changes in real time. This
feature enabled users to verify whether the system
successfully reached the target wvalue once the
corresponding pressure was achieved.

Figure 13 shows the system conditions during
testing, including the visual representation of the
airspeed indicator. During the test, the user entered a
value of 100 knots via the dashboard, which was then
converted into the target pressure (mbar) using the
empirical equation. The system controlled the pump
and valves to achieve this target, while the actual
pressure was recorded by the sensor and displayed in
real time on both the dashboard and the airspeed
indicator.

/

&
{4 p b |
;lEO/{sFEED
w50 60
% \ 8 "
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Figure 13 Testing at 100 Knots (a) Dashboard Display (b) Output on Airspeed Indicator

3.5 Accuracy Analysis

This subsection discusses the system’s accuracy in
converting airspeed (knot) into dynamic pressure (mbar)
based on experimental test results. The evaluation was
carried out by comparing the target pressure from
calibration with the actual pressure achieved by the system
in five test runs, as summarized in Table 4 and Table 5.
Empirical calibration was performed because the static

pressure (Ps) was assumed to be equal to the ambient
atmospheric pressure; therefore, the testing focused on the
airspeed indicator (ASI). It should be noted that Ps follows
the local atmospheric pressure; if the device is relocated to
a different site, Ps will adjust to the atmospheric conditions
at that location, while the calculations remain based on
total pressure (Pt).
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Table 4 Comparison of Pressure Values Between Test Results and Targets at Airspeed

Knots Target Pressure Reached (mbar)
(mbar) Testing 1 Testing 2 Testing 3 Testing 4 Testing 5

20 1 1.14 1.05 1.08 1.04 1.10

30 2 2.16 1.96 2.17 2.05 2.09

40 3 2.94 3.10 2.90 3.03 2.58

50 5 5.05 5.12 5.09 5.11 4.51

60 7 6.64 7.07 6.90 6.56 6.53

70 10 10.18 10.15 10.05 10.11 9.82

80 15 14.85 15.25 14.93 14.82 14.62

90 20 19.91 19.96 20.08 20.10 20.18

100 25 25.22 25.10 25.12 24.65 24.63

110 29 28.84 28.97 29.04 29.10 28.64

120 34 33.95 34.21 33.98 34.27 33.79

130 39 39.23 39.13 39.14 39.09 38.55

140 45 45.04 45.20 44.70 44.62 44.70

Table 5 Pressure Accuracy Evaluation Based on Airspeed Indicator Test Results
Value Error
Target . . . . .
Knots (mbar) Testing 1 Testing 2 Testing 3 Testing 4 Testing 5
mbar % mbar % mbar % mbar % mbar %

20 1 0.14 14 0.05 5 0.08 8 0.04 4 0.1 10
30 2 0.16 8 -0.04 -2 0.17 8.5 0.05 2.5 0.09 4.5
40 3 -0.06 -2 0.1 3.33 -0.1 -3.33 | 0.03 1 -0.42 -14
50 5 0.05 1 0.12 2.4 0.09 1.8 0.11 2.2 -0.49 -9.8
60 7 -0.36 | -5.14 | 0.07 1 -0.1 -143 | -0.44 | -6.29 | -0.47 | -6.71
70 10 0.18 1.8 0.15 1.5 0.05 0.5 0.11 1.1 -0.18 -1.8
80 15 -0.15 -1 0.25 1.67 | -0.07 | -0.47 | -0.18 -1.2 -0.38 | -2.53
90 20 -0.09 | -0.45 | -0.04 -0.2 0.08 0.4 0.1 0.5 0.18 0.9
100 25 0.22 0.88 0.1 0.4 0.12 0.48 | -0.35 -1.4 -0.37 | -148
110 29 -0.16 | -0.55 | -0.03 -0.1 0.04 0.14 0.1 034 | -0.36 | -1.24
120 34 -0.05 | -0.15 | 0.21 0.62 | -0.02 | -0.06 | 0.27 0.79 | -0.21 | -0.62
130 39 0.23 0.59 0.13 0.33 0.14 0.36 0.09 023 | -045 | -1.15
140 45 0.04 0.09 0.2 0.44 -0.3 -0.67 | -0.38 | -0.84 -0.3 -0.67

This subsection discusses the system’s accuracy in
converting airspeed (knot) into dynamic pressure
(mbar) based on experimental test results. The
evaluation was carried out by comparing the target
pressure from calibration with the actual pressure
achieved by the system in five test runs, as
summarized in Table 4 and Table 5. Empirical
calibration was performed because the static pressure
(Ps) was assumed to be equal to the ambient
atmospheric pressure; therefore, the testing focused on
the airspeed indicator (ASI). It should be noted that Ps
follows the local atmospheric pressure; if the device is
relocated to a different site, Ps will adjust to the
atmospheric conditions at that location, while the
calculations remain based on total pressure (Pt).

The results in Table 4 show that the actual pressure
generally approximates the target values, although
deviations occur at low speeds. For example, at 40
knots, the recorded pressure was 2.58 mbar compared
to the target of 3.00 mbar. Table 5 presents the
absolute and percentage error values, where the largest
error occurred at low speed (around —0.42 mbar or
—14%). This is attributed to the system’s sensitivity to

small pressure changes, making fluctuations more
significant in the lower range

In contrast, at medium to high airspeeds (70 to 140
knots), the error values were relatively small and
stable. This indicates that the system is more accurate
and consistent in converting airspeed to pressure
within this range. For instance, at 100 knots, the
maximum error was within +1.48%, demonstrating a
very small deviation from the target value. The
percentage error is calculated using Eq. (4) as follows:

Error (mbar)

Error (%) = ( ) x 100% “4)

Target (mbar)

Opverall, the conversion error ranges from 0.09% to
14% Table 5. The highest value was recorded at 40 knots,
amounting to —0.42 mbar (—14%), due to the system’s
sensitivity to low pressure. However, above 70 knots, the
error decreases significantly, averaging only +0.1% to
+1%, with a maximum deviation of +0.67% at 140 knots.

Figure 14 illustrates the trend of decreasing error
with increasing speed. The relatively large
fluctuations in the 20—-60 knot range gradually decline
and stabilize after 70 knots, indicating that the system



Eng. & Technol. Horiz., vol. 42, no. 4, 2025, Art. no. 420405

110f14

operates more optimally at medium to high speeds. In
general, the measurement error rate falls within the
range of 1-5% across most of the speed spectrum (60—
140 knots). The larger deviations at lower speeds are
mainly caused by the limited accuracy of the MS5803
sensor in matching the target values, as well as the

15

Error %

=@ Test 1

stability of the pressure generated by the pump. These
findings demonstrate that the system provides good
accuracy in converting airspeed into pressure at
medium to high speeds, although improvements are
still required in the low-speed range.

Knots

Test2 e=@==Test3 e=@Pu=Test4 e=@==Test5

Figure 14 Error Percentage Graph on Achieved Targets

Table 6 presents a comparison of the target values
(calibration curve), the measured values (average of
five tests), and the theoretical Bernoulli values. The
theoretical values were calculated using Bernoulli’s
Eq. (1) with the local air density in Bandung p =
1.14 kg/m3. The results indicate that the measured
values are generally very close to the target values,
with small deviations ranging from 0.02 to 0.26 mbar,
whereas the differences from the theoretical Bernoulli

values are much larger, ranging from 0.48 to 14.91
mbar. These discrepancies are attributed to the
assumption of Ps = atmospheric pressure, the
limitations of the pressure sensor, and the pneumatic
non-linearity effects in the system. Therefore, the
evaluation of system accuracy is primarily based on its
proximity to the calibration curve, while the
theoretical Bernoulli values are used only as a baseline
for analyzing systematic deviations.

Table 6 Measured vs. Target vs. Theoretical Values at Each Test Point

Knots Target Measured | Theoretical | Measured Deviation vs Measured Deviation vs
(mbar) (mbar) (mbar) Target (mbar) Theoretical (mbar)
20 1.00 1.08 0.60 +0.08 +0.48
30 2.00 2.09 1.35 +0.09 +0.74
40 3.00 291 2.41 —-0.09 +0.50
50 5.00 4.98 3.76 —0.02 +1.22
60 7.00 6.74 5.42 —0.26 +1.32
70 10.00 10.06 7.40 +0.06 +2.66
80 15.00 14.89 9.68 —-0.11 +5.21
90 20.00 20.05 12.28 +0.05 +7.77
100 25.00 24.94 15.19 —0.06 +9.75
110 29.00 28.92 18.41 —0.08 +10.51
120 34.00 34.04 21.94 +0.04 +12.10
130 39.00 39.03 25.78 +0.03 +13.25
140 45.00 44.85 29.94 —0.15 +14.91
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3.6 Data Logging Efficiency

The database structure was designed to be simple
but efficient by using a single main table named
sensor_data. This table stores measurement results in
the form of pressure, vacuum, airspeed, altimeter,
vertical speed, operational status (start/end), and a
timestamp (realtime) that is automatically updated
each time data is recorded. This design allows
systematic data logging while also supporting the
performance analysis of ADTS under various test
conditions. Table 7 shows the Entity-Relationship
(ER) diagram of the sensor_data table, which displays
the columns id, pressure, vacuum, airspeed, altimeter,
vertical speed, status, and realtime. With this structure,
the system can handle real-time data storage to
improve monitoring capabilities during testing.

Table 7 Entity—Relationship (ER) Diagram of the
sensor_data Table

sensor data
PK id int
pressure double
vacuum double
airspeed int
altimeter int
verticalspeed int
status varchar
realtime timestamp

Figure 15 displays the data stored in the
sensor_data table. This view shows both the structure
and the content of the table, which records test results
at the initial (start) and final (end) conditions. Each
entry captures sensor readings, including pressure,
vacuum, airspeed, altimeter, and vertical speed.

258 ° a0 o
285 o 50 o

2025-08-28 15:02:59
2025 5:04

432 o &0 o o stant
653 ° 60 o 0 End
017 o 70 o 0 start

a7 001 20 o

1462 001 20 o
2018 ° %0 o End  2025.06-28 151520

o
1333 -0.01 100 o 0 Stat  2025.08-28 15:20:38
o

0625 15:20:50

2162 001 100 o
22.92 0 0 start

11111

23.08 -0.01 100 o 0 stant
O PEa 24 2463 001 100 o 0 End 20250628 15:22:04
Edit 2273 001 110

Figuré 15 The display of data storage based on the
sensor_data table

2025.06-28 15:22:57

In this view, the values for the altimeter and
vertical speed are still unavailable, indicated as Not
Available (NA) or zero (0). This is because the test
results presented in Figure 15 focus only on the
airspeed indicator, without involving measurements of
the altimeter or vertical speed.

3.7 Discussion

The developed ADTS demonstrates significant
advantages over manual systems, particularly through
real-time monitoring on the Node-RED dashboard
Figure 13. The dashboard displays sensor data,
including pressure, vacuum, and airspeed (in knots)

converted from pressure. These values are directly
reflected on both the analog Airspeed Indicator (ASI)
and the digital gauge, designed to resemble the
original instrument. The visual consistency between
the two indicators demonstrates the success of
empirical calibration in aligning output pressure with
the target airspeed, while also enhancing monitoring
flexibility through the digital interface.

The test results indicate that the ADTS
successfully converts pressure into airspeed and can
be remotely controlled, enhancing operational
flexibility and enabling real-time status updates.
Latency fluctuations were recorded between 200-500
ms, exceeding the 100 ms configuration, primarily due
to Wi-Fi communication jitter and dashboard
rendering overhead. Despite these latency variations,
the system is still capable of displaying pressure and
airspeed data synchronously on the dashboard,
supporting real-time interaction between the hardware
and the user interface [28].

Although the system performs well, it has
limitations because it relies solely on pressure data
without considering vacuum separately, which can
affect accuracy. Static pressure (Ps) is not directly
measured but assumed equal to ambient ground
pressure. This assumption prevents the system from
fully representing the differential calculation (Pt—Ps)
that forms the basis of pitot-static instruments. As a
result, larger deviations occur at low speeds, while
errors at medium to high speeds remain below 1%

Furthermore, the pressure sensors used in this
study have not been calibrated against a traceable
pressure standard, making the measurements relative
and influenced by environmental conditions,
including air pressure variations at the test site.
Calibration was performed empirically by comparing
device outputs with a standard airspeed indicator,
representing a key limitation to be addressed in future
development

Measured values are closer to the empirical calibration
curve than to theoretical Bernoulli values, particularly at
high speeds. This is due to the use of empirical calibration
with linear interpolation, the assumption Ps = atmospheric
pressure, sensor resolution limitations, and pneumatic
effects such as dead volume and valve characteristics.
Therefore, system accuracy is more appropriately
evaluated against the calibration curve, with Bernoulli
values used only as a baseline for analysis

Testing in this study was limited to static ground
conditions. Rapid air pressure changes experienced in
actual flight, such as during climb, descent, or
turbulence, were not replicated. Consequently, system
validation does not fully reflect operational field
scenarios, forming the basis for further development
as described in the Future Work section.

Accuracy analysis in Figure 14 shows that the
ADTS system exhibits errors ranging from 1-5%
across most speed ranges, with the largest deviation
reaching 14% at low speeds Table 3. These errors are
related to sensor limitations and pump pressure
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stability. In real flight conditions, such deviations
could have serious safety implications, as inaccurate
airspeed readings may affect pilot decision-making,
particularly during critical phases such as takeoff and
landing.

In addition to the main tests, supplementary evaluations
were conducted to assess system reliability under various
environmental conditions. Results confirmed that the
system operates stably across different environments.
Average communication latency remained low during both
indoor and outdoor tests, although occasional spikes up to
1.7 seconds occurred due to signal obstacles. These spikes
did not degrade system performance but caused temporary
delays in dashboard updates. From an accuracy perspective,
pressure sensor readings remained close to calibration
targets even under unstable network conditions.
Furthermore, height variation tests indicated that
atmospheric pressure differences between floors only
affected initial readings, without significantly impacting
final measurement results. Thus, the system proved reliable
in maintaining measurement accuracy and consistency
across various operational scenarios.

4. Conclusion

This study successfully developed an IoT-based
Air Data Test Set (ADTS) that supports automatic and
real-time calibration of airspeed indicators. The
system integrates the ESP32 microcontroller, MS5803
pressure sensor, MQTT protocol, and Node-RED
dashboard, enabling dynamic pressure control based
on airspeed input and providing digital visualization
that mimics aircraft instruments.

Experimental results showed that the system was
able to achieve the target pressure with an error range
0f 0.09% to 14%, with high accuracy at 70—140 knots
where the error remained below 1%. The recorded
MQTT transmission latency ranged between 200-500
ms and occasionally reached 1.7 seconds; however,
this did not affect the overall system performance,
only causing minor delays in dashboard updates.
Similarly, variations in atmospheric pressure due to
differences in test altitude only influenced the initial
sensor readings but did not affect the accuracy of the
final results.

The conversion of pressure to airspeed was not
carried out using the theoretical Bernoulli equation but
instead through empirical calibration with linear
interpolation between calibration points, ensuring that
the output values remained consistent with the
reference instrument. With its fully integrated
architecture covering automatic pressure control,
digital input handling, real-time visualization, and
selective data logging based on test status (“start” and
“end”) the system proved to be stable, reliable, and
efficient, making it a viable alternative solution for
pitot-static calibration in educational and laboratory
environments.

4.1 Future Work

Future development will focus on improving the

accuracy and representativeness of the system. First, the

system will be expanded through the integration of static
pressure sensors and precision differential pressure
sensors, enabling measurements to cover all aspects of the
pitot-static system and extending functionality to the
altimeter and vertical speed indicator.

Second, calibration will no longer be purely
empirical but will use static pressure (Ps) from a
traceable Air Data Test Set (ADTS) standard.
Additionally, mathematical approaches based on
Bernoulli’s equation and curve fitting methods will be
explored to enhance the accuracy of pressure-to-speed
conversion. Performance comparisons between the
embedded-system-based ADTS and standard ADTS
will also be conducted.

Third, to minimize measurement errors, future
research will implement periodic sensor calibration
using standard reference instruments, utilize high-
precision sensors, and apply signal processing
algorithms such as moving average and Kalman filter.
Closed-loop control mechanisms for pumps and
valves will also be developed to maintain target
pressure stability.
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