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fAbstract—This paper presents a low-cost virtual instrument for observing the operation of a manually actuated\

control valve in a water flow system. Two digital vibration sensors are clamped to a pipe section near the valve
and connected to the GPIO pins of an ESP32 microcontroller. The ESP32 samples both outputs, attaches a
millisecond timestamp to every sample and streams the result as comma-separated text over a USB virtual serial
port at 115200 baud. A MATLAB application, named AQUAGUARD, reads and parses the stream and presents a
software front panel consisting of a status card for each sensor, two live strip charts over a 15-second moving
window and a footer line that summarises the combined sensor state. The rationale is that flow through a partly
open valve generates turbulence, which excites pipe-wall vibration that a pipe-mounted sensor can detect as a
change of state. Because the sensors give only a binary output, the instrument reports a change in vibration state
rather than a flow rate, and no leak diagnosis is claimed. With the valve closed, the dashboard consistently
received Sensor 1 = LOW and Sensor 2 = HIGH, which confirmed correct acquisition, serial parsing and display.
A simulation mode of the dashboard, driven by synthetic data, is also used to demonstrate the panel behaviour
for every combination of sensor states and for pulsed inputs. We also identify a limitation of the present
firmware, which transmits only when at least one sensor is HIGH and therefore leaves a stale reading on the panel
when both sensors fall LOW, and we describe the correction. The paper documents the architecture, hardware
set-up, firmware, software design, operating procedure and a roadmap towards analog vibration sensing, data
logging and closed-loop PID valve control.

Index Terms—Virtual instrumentation, control valve, ESP32, MAT-LAB, flow-induced vibration, vibration sensor,

Qrial data acquisi-tion, pipeline monitoring. J

becomes turbulent and the resulting pressure
fluctuations excite the pipe wall [6]- [8]. The vibration is
generally stronger when flow is higher and weaker
when the valve is closed, so a vibration sensor attached
to the outside of the pipe can indicate whether the flow
condition has changed without breaking into the line.
Vibration and acoustic signatures are also used for
pipeline fault and leak detection [9]- [11], which makes
a vibration-based valve monitor a natural entry point
into condition monitoring of piping systems.

I. INTRODUCTION

Water distribution, process plants, irrigation networks
and build-ing services all depend on control valves to
start, stop and reg-ulate the flow of liquid through
pipes. In an industrial loop the control valve is the final
control element: it receives a signal from a controller
and changes the size of the flow opening so that a
process variable such as flow, pressure, level or

temperature is held near its set point [1]- [3]. Its Traditionally,  displaying and  recording  such

behaviour therefore sits at the centre of process
performance, and a valve that sticks, leaks, cavitates or
fails to follow its command degrades the whole loop [4],

[5].

Observing what a valve is doing does not always require
a flow meter. Water passing a partly open restriction

measurements needed dedicated bench instruments.
The idea of virtual instru-mentation replaces much of
that hardware with a general-purpose computer,
acquisition hardware and software, so that the front
panel and the processing are defined by the user [12],
[13]. This lowers cost, makes the instrument easy to
modify and suits teach-ing laboratories and
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prototyping. At the same time, inexpensive
microcontrollers with integrated connectivity, notably
the ESP32, have become widely used for data
acquisition and Internet of Things (loT) sensing [14]-
[19], and MATLAB graphical in-terfaces have been used
successfully to display microcontroller sensor data in
real time [20], [21].

This work combines these ideas into a small virtual
instrument for a water flow rig. An ESP32 reads two
digital vibration sen-sors mounted near a manually
operated control valve and streams timestamped states
to a PC, where a MATLAB dashboard shows the live
sensor states and graphs while the valve is opened and
closed. The aim is a clear, working acquisition-to-
display chain that can later be extended, rather than a
calibrated flow meter or a leak-detection product. The
contributions of this paper are:

e the design of a low-cost ESP32-MATLAB virtual
instrument for observing valve-induced vibration
state in a pipe, together with a photograph of the
assembled laboratory prototype;

e a documented serial data format and a MATLAB
front panel with sensor cards, 15-s strip charts and
a combined-state footer;

e an experimental verification of the acquisition,
parsing and display chain with the valve closed;

e 4 a set of simulation-mode dashboard captures
that demonstrate the panel response to all
combinations of sensor states and to pulsed inputs;
and

e 5. a critical analysis of the firmware and sensor
limitations together with concrete corrective and
future work.

The remainder of the paper is organised as follows.
Section Il re-views related work. Section Ill summarises
the theory of control valves, flow-induced vibration and
digital sensing. Section IV describes the system design,
hardware set-up, firmware and soft-ware. Section V
gives the experimental procedure, Section VI reports
and discusses the results including the simulation-
mode demonstrations, Section VIl lists limitations and
improvements, Section VIII outlines future work and
Section IX concludes the paper.

Il. RELATED WORK

1. Pipeline And Leak Monitoring

Surveys of pipeline fault detection classify methods into
those based on hardware sensing (acoustic, vibration,
fibre-optic, pres-sure) and those based on software or
model-based analysis [9], [10]. For water mains in
particular, reviews of inspection and condition-
assessment technology [22], leakage management [23]
and transient-based detection [24] show that non-
intrusive sens-ing is attractive because it does not
interrupt service. Vibration measurements on plastic
water pipes have been used to detect leaks
automatically [11]. Those systems typically use analog
accelerometers and signal processing, whereas the
present work deliberately uses simple digital vibration
modules to demonstrate the monitoring chain at
minimal cost.

2. Control Valve Behaviour And Diagnostics

Control valve terminology, flow capacity and sizing are
standard-ised [25], [26], and the practical selection and
operation of valves is documented in manufacturer and
handbook literature [2], [3]. Hydrodynamic noise and
cavitation are known to generate strong broadband
vibration downstream of a restriction [27], [28], and
abrupt valve motion produces pressure transients [29],
[30]. In loop diagnostics, valve stiction has been
modelled and detected from process data [4], [5]. Those
studies work from controller signals, while a vibration
sensor offers a complementary, directly physical
indication at the valve.

3. Microcontroller Acquisition And Virtual
Instruments

Microcontroller readout of resistive and other sensors
has been studied extensively [31]- [34], with attention
to the quality of the acquired data, including bias, drift
and outliers [35]. The ESP32 specifically has been
characterised for data acquisition and synchronised
sensor networks [14]- [17], [36] and has been applied
to energy, temperature and environmental mon-itoring
[19], [37]- [39]. On the PC side, MATLAB App De-signer
and related graphical tools have been used for sensor
visualisation and even SCADA-style supervision [20],
[21], and simulators such as Wokwi support early
prototyping of embedded firmware [40]. The broader
context is the move towards connected, software-
defined instrumentation under the 10T and Industry 4.0
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paradigms [18], [41]. Our contribution sits in this space:
a minimal, fully documented ESP32-MATLAB instru-
ment applied to valve-induced vibration

I1l. THEORETICAL BACKGROUND

1. Control Valve And Flow Capacity

A control valve regulates flow by changing the area of
the open-ing through which the fluid passes. When
closed the flow stops, and as the valve opens the flow
rate rises. For a liquid, the volu-metric flow through a
valve is commonly related to the pressure drop by the
flow coefficient Cv [3], [26]:

Vs

(1)

where Q is the flow rate, AP the pressure drop across
the valve and Gy the specific gravity of the liquid. The
coefficient C, itself depends on the valve position, and
the inherent characteris-tic (linear, equal-percentage or
quick-opening) defines how C,varies with opening [1],
[2]. In the pipe, continuity gives Q = Av, with A the
cross-sectional area and v the mean velocity [42].

In a closed-loop process, a controller compares the
measured variable with a set point and drives the valve
through an actuator, commonly using proportional—-
integral-derivative (PID) action[43]- [46].

In the present rig the valve is operated by hand, so the
instrument acts as the measurement and display part of
a loop that could later be closed.

2. Flow-Induced Vibration
Whether the flow in a pipe is laminar or turbulent is
indicated by the Reynolds number,
_ pvD

i

Re (2)

where p is the fluid density, D the pipe diameter and p
the dynamic viscosity [8], [42]. Flow past a partly open
valve is a bluff-body-like obstruction that produces
separation, vortices and wide-band pressure
fluctuations. Where shedding is periodic,its frequency
scales with the Strouhal relation fs = St v/d, with d a
characteristic  obstruction dimension [6]. These
fluctuationsload the pipe wall, and the structural
response depends on the coupling between fluid and

pipe [7]. Cavitation, if it occurs, adds intense high-
frequency content [27], [28]. In simple terms, higher
flow gives stronger vibration, and a closed valve gives
weaker vibration, although ambient machine vibration,
pump pulsation and sensor mounting also contribute.

3. Digital Vibration Sensing

Vibration is normally measured with accelerometers,
including micromachined (MEMS) devices [47], [48]. The
low-cost sen-sors used here are digital modules whose
output is HIGH or LOW depending on whether the
sensed vibration crosses an

on-board threshold. If a(t) is the vibration signal and 6
the threshold, the binary output can be modelled as
ded firmware [40]. The broader context is the move
towards connected, software-defined instrumentation
under the loT and Industry 4.0 paradigms [18], [41]. Our
contribution sits in this

. l. |alkT;)| > 6. o
s[k] = : (3)
0. otherwise,

.with Ts the sampling interval. Such a sensor reveals a
change in vibration state but gives no amplitude,
frequency content or flow

Wler source (ontrol valve ,
| =3 fipe wction
[ putmp (magal
Vibetlion
(S8 sl HiGH
MATL 15200 APl LW '
MATLAB | .N.i ‘ \lbulfml'
dashbourd GMO 27, 26 sensns S, )

Fig. 1. Block diagram of the valve-monitoring virtual
instrument.

rate [49], [50]. A useful derived quantity is the duty cycle
over a window of N samples, D = 1 3N s[k], which
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approximates how often the threshold s
exceeded.Sampling must respect the Nyquist-Shannon
criterion for the dynamics of interest [51]- [53].
Mechanical or relay-type sensors may also chatter, and
contact bounce is conventionally

4. ESP32 Digital Input and Serial Link

The ESP32 is a dual-core microcontroller with
integrated Wi-Fi and Bluetooth and numerous general-
purpose input/output (GPIO) pins [55], [56]. A pin
configured as an input is read with digitalRead(), which
returns HIGH (1) or LOW (0) accord-ing to the pin
voltage. The Arduino core for the ESP32 exposes

this and the millis() timer, which returns the
milliseconds elapsed since start-up [36], [57]. The board
is programmed and powered over USB, where a USB-
to-UART bridge enumerates as a virtual COM port on
the PC [58].

5. Virtual Instrumentation

A virtual instrument consists of acquisition hardware, a
computer and software that implements the front panel
and the signal processing [12], [13]. In this work the
ESP32 is the acquisition hardware and MATLAB
provides the front panel. MATLAB's serialport interface
reads text lines terminated by a line feed, and
animatedline appends points to a plot efficiently, which
suits live strip charts [59], [60].

IV.  SYSTEM DESIGN

1. Architecture

The system has four functional blocks, shown in Fig. 1:
(i) the physical process, comprising a water source or
pump, a pipe section and a manually operated control
valve; (ii) the sensing stage with two digital vibration
sensors on the pipe; (iii) the acquisition stage, an ESP32
that samples and timestamps the sensor outputs; and
(iv) the virtual instrument, a MATLAB dashboard that
receives, parses and displays the data over USB serial.

2.HardwareTable | lists the apparatus. Sensor 1 output
is wired to GPIO 27 and Sensor 2 output to GPIO 26
(Table I1); both sensors take power and ground from the
ESP32 supply pins, and the USB cable provides power
and the serial link. Wiring is made on a breadboard with
jumper wires so that the layout can be changed easily.
The assembled laboratory prototype is shown in Fig. 2:
the laptop on the bench runs the AQUAGUARD
dashboard, the ESP32 and breadboard wiring sit beside
the transparent vessel in the centre of the picture, and
the sensor leads (red and white

; TR -
Fig. 2. Photograph of the laboratory prototype. The
laptop (left) runs the AQUAGUARD MATLAB dashboard;
the ESP32 and breadboard wiring are placed beside the
transparent vessel on the bench, and the sensor leads
are routed to the vessels of the water flow test set-up.
A single USB cable provides power and the serial link to
the PC

Table |
Apparatus And Software
Mo, Item Purposze
1 E&P32 development Feads zenzors and streams datz over TISE
board serizl
2 Two digital vibration Dietact pipe vibration; digital HIGHT.OW
SENE0TE output
3 Mamal control vake Starts, stops and regulates flow
4 Pipe section, water Water flow sy=tam under test
SoUrce plmp
§ Breadboard, jumpar Electrical commections
WiTes
] TSE cabla Power and senal link to PC
7 PC wath MATLAR Acguisition, display, front panel
] Ardume IDE Programming tha ERP32

jumper wires) run from the board to the test vessels of
the water set-up. The USB cable visible on the bench
carries both power and the serial data stream between
the ESP32 and the PC.
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3. Firmware

The firmware (Listing 1) was written in the Arduino IDE.
In setup() the serial port is opened at 115200 baud, both
pins are set as inputs and a header line
time_ms,sensor1,sensor2 is printed. In loop() both pins
are read and, when at least one is HIGH, a line
containing the millis() timestamp and the two states is
sent; a 5-ms delay sets the loop period, giving a
maximum sampling rate near 200 Hz

Listing 1. ESP32 firmware (Arduino IDE) as used in the
_ experiment

| const int SENSOR_L = 27;
) const int SENSOR_2 = 26;

4 void zetupi) |
j Serial.negin(115200);
b pinMode (SENSCR_1, INPUT);
pinMode (SENSOR_ 2, INPUT);
B Serial,println("time ms,sensorl, senscri”);

11 void loop() {

}H& statel

digitaldead{SENSOR_1);

13 int state2 = digitalRead(SENSOR 2);

14

15 / Send data only when at least one sensor
15 HIGH

16 if (statel == HIGH || =stateZ == HIGH)

Serial.print (millis(i};
18 Serial.print(",");
0 Serial.print(statel == HIGH 2 1 : 0);
0 Serial.print(",");

i1 jerigl.println(atated == HIGH 2 1 1 0);

23 delayis);

4. Serial Data Format and Throughput

Each transmitted line has the form t,s1,s2, for example
96720,0,1, where t is the time in milliseconds since
ESP32 start-up and s1, s2 are the sensor states. A line is
at most about 14 characters including the line
terminator. At 115200 baud with 10 bits per character
(8N1 framing) the link carries about

11.5 kB/s. Streaming at the maximum loop rate of 200
lines/s therefore needs about 200 x 14 = 2.8 kB/s,
roughly 24 % of the link capacity, so the link is not a
bottleneck.

E. MATLAB Dashboard
The dashboard script  (named
leak_detection_dashboard.m in the project) is a script-
based figure built from uicontrol, uipanel and axes
objects. It opens serialport(*COM6",115200), sets the
line-feed terminator and flushes the buffer. A dark
theme is defined through colour constants for
background, panel, grid, text and accent colours. The
front panel (Fig. 3) comprises:

e a header showing the application name
AQUAGUARD, the subtitle “Pipeline Intelligence /
Live Sensor Monitoring” and the connection string
ESP32 | COM6 | 115200 BAUD;

e two sensor cards, each showing the sensor name,
the GPIO pin and the current state (HIGH in green,
LOW in grey, WAITING before data arrive);

e two strip charts built with animatedline, with a
vertical axis restricted to the two states LOW and
HIGH and a hori-zontal axis showing elapsed time
in seconds over a moving 15-s window; and

e a footer that reports the combined state (for
instance SENSOR 01 LOW / SENSOR 02 HIGH) and
the time of the last sample. The footer purposely
reports states only: the text “Digital moni-toring
only | Leak not yet confirmed” reminds the user that
the, panel does not make a leak diagnosis.

The core acquisition loop is shown in Listing 2. While
the figure handle is valid, the script checks whether
bytes are avail-able, reads one line, trims it and converts
it with sscanf. Only if exactly three numbers are returned
is the line accepted, which rejects the header line and
any partial line produced at start-up. The time is
converted from milliseconds to seconds, points are
added to both lines, the cards and footer are updated,
and the x-limits are set to [max(0, r—15), r] with r =
max(15, t) so that the window slides once the elapsed
time exceeds 15 s. drawnow limitrate keeps the
interface responsive. When the window is closed the
loop ends and the serial object is cleared so that the
COM port is released. Fig. 4 summarises this flow
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| e3p3l = gerialport ("COMe", 115200);
), onfigurelerminator(espd2, "LE");

flush({espdi);

3 window3econdz = 15;
4 while ishandle(fig)
5 if esp3Z.NumBytesAvailable » 0

SENIRE I GhoN

Fig. 3. AQUAGUARD MATLAB dashboard captured with
the valve closed. Sensor 01 (GPIO 27) reads LOW and
Sensor 02 (GPIO 26) reads HIGH; the last sample is at
96.72

| Opensevialpan. fiush bufer

clear ggp32 | D0
(release port)

Fig. 4. Simplified flow of the MATLAB acquisition loop.
Rejected or absent data return control to the loop test;
closing the figure exits the loop and releases the serial
port

&
9

dataline = strcrim(readline (e3p32)):
values = gscanf (dataline, "%, % %77}
if numel (values) ==

t = values(1)/1000; =1 = wvalues(2); =22 =

values (3);

10

gddpoint=ihl, t, sl); agddpoints(hZ, t,

32)

11 £ update cards: HIGH -> green, LOW -=
& | r

muted

12 # update footer with combined state +

last sample

13
14

rightEdge = max({windowSeconds, t);
leftEdge = max(0, rightEdge -

windowSeconds) »

15

oy

xlim{axl, [leftEdge rightEdgel):
¥lim{axi, [leftEdge rightEdge]]):
drawnow limitrate;
end
else
pause (0.01); drawnow limitrate;
end

22 end

-

3 clear esp32; % release the serial port

6. Simulation Mode

For development and demonstration, the dashboard
can also be run in a simulation mode in which synthetic
sensor states replace the live serial stream, so that the
card, chart, window-sliding and colour-coding logic can
be exercised without the water rig. In this mode the
connection string in the header is replaced by an amber
banner reading SIMULATION MODE | SYNTHETIC
DATA, so that a simulated capture cannot be mistaken
for a mea-surement (Section VI-E).

Table Il
OBSERVED SENSOR STATES VERSUS VALVE POSITION
Valve Position | S1 (Gpio S2 Foote |Mes-
27) (Gpio r
26) Sage
Fully closed LOW HIGH S1 LOW | / S2
HIGH
Partly open TBD TBD TBD
Fully open TBD TBD TBD
Partly closed again| TBD TBD TBD

V. EXPERIMENTAL PROCEDURE

The experiment was carried out in the following order.

The vibration sensors were attached to the pipe
near the control valve. Sensor 1 output was wired
to GPIO 27, Sensor 2 output to GPIO 26, and sensor
power and ground to the ESP32 supply and ground
pins.



Ishayu Basu, International Journal of Science, Engineering and Technology,

2026, 14:5

e The ESP32 was connected by USB and the COM
port (COM6 here) was identified in Device Manager.

e The ESP32 board and port were selected in the
Arduino IDE and the sketch of Listing 1 was
uploaded.

e The Arduino Serial Monitor was closed so that the
COM port was free for MATLAB.

e The dashboard script was saved and portName was
set to the correct port if it differed.

e The script was run; the window opened with both
cards showing WAITING.

e With the valve fully closed, the sensor states were
observed.

e The valve was gradually opened to start flow, and
any change in the cards and graphs was observed.

e The valve was then partly closed and the readings
com-pared with the fully open case, and the
observations recorded against valve position.

e The dashboard window was closed to end the
program and release the serial port.

VI. RESULTS AND DISCUSSION

1. Closed-Valve Observation

With the valve fully closed and the dashboard running,
the status cards settled to Sensor 01 = LOW and Sensor
02 = HIGH, as seen in Fig. 3. The strip charts show a flat
LOW trace for Sensor 01 and a flat HIGH trace for
Sensor 02 over the displayed window of 82-96 s, and
the footer reports SENSOR 01 LOW / SENSOR 02 HIGH
| Last sample: 96.72 s. This confirms that the whole chain
works: the ESP32 reads the GPIO pins, timestamps and
transmits the data, MATLAB receives and parses the
lines, and the cards, charts, time axis and footer are
updated consistently. The sliding window also behaved
as designed, with the axis range following the elapsed
time.

Table Il summarises the observations by valve position.
Only the closed-valve row was verified from the
captured run reported here; the remaining rows are to
be completed from the recorded trials.

2.Interpretation

Two points need care. First, the closed-valve state is a
verifica-tion of the measurement chain, not of the flow
physics. Since the sensors are digital, the result shows
that the panel faithfully reproduces whatever logic level

the sensors provide. Second, Sensor 02 reads HIGH
although the valve is closed, which is not what a simple
"vibration only when flowing” picture would suggest.
Several explanations are plausible and are not distin-
guished by the present data: the sensor threshold may
be set low enough to trip on ambient vibration or
residual water motion; the module’s output polarity
may be active-low or idle-high; the two sensors may be
mounted with different coupling to the pipe; or pump
or building vibration may be reaching the pipe. This
difference between two nominally identical sensors is
itself useful information, because it shows that each
digital channel must be characterised and its threshold
adjusted before its state can be associated with valve
position [35], [48], [49].

3. Effect Of The Transmit-Only-When-High Policy
The firmware sends a line only when at least one sensor
is HIGH. When both sensors drop LOW, nothing is
transmitted, so the dashboard does not receive the
transition: the cards and charts keep showing the last
received values, and the animatedline traces are not
extended. The panel can therefore display a stale state,
and the time axis only advances when new data arrive.
A related consequence is that LOW intervals appear in
a chart only if one sensor remains HIGH. This behaviour
is a design limitation rather than a hardware fault and is
corrected by trans-mitting continuously (Section VII).
The caution is general for instrumentation: the quality
of displayed data depends as much on the acquisition
policy as on the sensor [35], [50].

4. Timing And Resolution

The timestamp resolution is 1 ms, and with the 5-ms
loop delay the maximum sampling rate is near 200 Hz,
giving a Nyquist limit of about 100 Hz [51], [52].
Because the sensor output is binary and the dashboard
is intended to show state changes over seconds, this is
adequate for the present purpose. It would not be
adequate for resolving vibration spectra, which for
turbulent pipe flow and cavitation can extend to
kilohertz [6], [27], [28]. Fast pipe-pressure transients
caused by rapid valve closure also evolve faster than the
sampling interval used here [29], [30], so the present
instrument should be regarded as a slow state monitor.

5. Simulation-Mode Dashboard Demonstrations
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To show how the front panel responds to every
combination of sensor states, the dashboard was also
run in simulation mode, in which synthetic digital
signals are plotted in place of the serial stream. Four
captures taken in chronological order are shown in Fig.
5 and summarised in Table IV. The banner SIMULATION
MODE | SYNTHETIC DATA is visible in every frame, so
these figures illustrate the behaviour of the software
and are not mea-surements of the water rig.

Four observations follow from these frames. First, the
two channels are handled independently: Sensor 01
alone, Sensor 02 alone and both sensors together are
all displayed correctly, and

(@) 0-15 s window: Sensor 01 rises to HIGH at

about 3 s

\QUAGUA

while Sensor 02 stays LOW.

(b )3-18 s window: Sensor 01 HIGH for 3-6 s, Sensor
02 HIGH for 10-13 s, both HIGH from about 17 s.

(c) 15-29 s window: both sensors HIGH for 17-20 s and
then LOW; a 1-Hz pulse train starts on Sensor 01 at 25
.

(d) 24-38 s window: Sensor 01 pulses end at
about 30.5 s; a pulse train starts on Sensor 02 at 35

s.
Fig. 5. AQUAGUARD dashboard captures in simulation
mode (synthetic data). The sequence shows the
independent response of the two sensor cards and strip
charts and the sliding 15-s window.

TABLE IV Synthetic Test Sequence Observed in Fig. 5

Time (s) S1 (GPIO S2 (GPIO Cards

27) 26)

0-3 LOW LOW L/L

3-6 HIGH LOW H/L

10-13 LOW HIGH L/H

17-20 HIGH HIGH H/H

25-30.5 1-Hz LOW toggles

pulses
35-39 LOW 1-Hz toggles
pulses

the card colour follows the state (grey LOW, green
HIGH), as in Fig. 5(@) and (b). Second, the pulsed
segments in Fig. 5(c) and (d) have a period of about 1 s
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with the signal HIGH for about 0.5 s, so the duty cycle
D defined in Section IlI-C is about 0.5 in those intervals;
this is the kind of pattern a fluctuating vibration source
would produce on a real digital sensor. Third, the
horizontal axis starts at 0-15 s and then slides as [max(0,
r=15), rl, giving the 3-18, 15-29 and 24-38 s windows
seen in the captures, which confirms the window logic
of Listing 2. Fourth, when both inputs return LOW (for
example after 20 s in Fig. 5(c)) the traces continue as flat
LOW lines and the cards return to LOW. This is the
behaviour expected of a continuous-transmission
stream and not of the transmit-only-when-HIGH
firmware of Listing 1, which would leave the last HIGH
value on the panel (Section VI-C); the captures therefore
also illustrate what the corrected firmware of Section
VII-B should deliver. These captures verify the display
logic only. They do not show any relation between valve
position and sensor state, and the open and partly open
rows of Table Il remain to be completed from the
recorded trials.

Vil. LIMITATIONS AND PROPOSED
IMPROVEMENTS

Limitations

e Binary sensing. The sensors give no amplitude or
spectrum and cannot measure flow rate; the
instrument reports a state change only.

e Conditional transmission. Data are sent only when
at least one sensor is HIGH, which can leave a stale
display.

e Time base. Time is relative to ESP32 start-up, with
no abso-lute date/time stamp or logging to file.

e No calibration or flow reference. No reference flow
meter was used, so the sensor state cannot yet be
related to a flow value through Eq. (1).

e Manual valve. Valve position is set by hand and is
not recorded automatically.

e Single operating condition verified. The captured
result from the physical rig covers the closed-valve
case; the other captures in this paper use synthetic
data.

A. Corrections
Continuous transmission is obtained by removing the
conditional so that every loop iteration sends a line:

void |gopi) |
Seralprintimillie)): Seralorint(”."):
serial.print(digitalRead(SENSOR_1)); Seralrint(.”);
serialprntinidigitalRead (SENSOR_2));
delay(s);

1

o T TR O K T U QY

With this change the dashboard receives both HIGH
and LOW states and the charts show true transitions.
Further low-cost refinements are a short software
debounce or majority vote over several samples to
suppress chatter [53], [54], logging of each parsed row
with a PC timestamp to a CSV file, and a status indicator
that turns amber if no line has arrived for a set time,
which would flag a lost link and distinguish it from a
genuine LOW state.

6. Future Scope

e Analog vibration sensing. Replacing the digital
modules with an analog or MEMS accelerometer
[47], [48] would allow am-plitude, RMS and
frequency-domain features to be computed on the
ESP32 or in MATLAB and related to valve opening
and flow.

e Flow reference and calibration. Adding a flow
sensor would permit calibration of vibration
features against flow, supporting a quantitative
flow estimate and checks against valve sizing
relations [3], [26].

e Data logging and analytics. Timestamped logging
would sup-port later analysis of data quality, drift
and outliers [35], and features could be tested with
pattern recognition for fault and leak indication [9]—
[11].

e C(Closed-loop control. A motorised actuator driven
by the ESP32, with a PID controller around a
measured flow or pressure, would turn the monitor
into a control rig [1], [43], [44]. Valve stiction and
response tests could then be explored [4], [5].

e Wireless and cloud operation. The ESP32's Wi-Fi
interface could replace the USB cable and forward
data to a remote dashboard, in line with loT-based
monitoring practice [18], [19], [38], [39]. A web or
MATLAB App Designer interface could add session
control and export [20], [21]. Firmware and interface
could also be prototyped in a simulator before
deployment [40].
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VIil. CONCLUSION 7.

A virtual instrument for observing control valve

operation in a water flow system was designed and built 8.
from an ESP32, two digital vibration sensors and a
MATLAB dashboard. The ESP32 streams timestamped 9.

sensor states at 115200 baud and the dash-board
shows sensor cards, 15-s strip charts and a combined-

state footer in real time. With the valve closed, the panel 10.

displayed Sensor 1 LOW and Sensor 2 HIGH, confirming
correct acqui-sition, parsing and display, and
simulation-mode captures with synthetic data
demonstrated the panel response to all combi-nations

of sensor states and to pulsed inputs. The instrument 1.

indicates a change in vibration state and not flow rate,
and the present firmware's transmit-only-when-HIGH
policy can leave a stale reading; both limitations have
clear remedies. The archi-tecture provides a low-cost

basis for analog vibration sensing, 12.

data logging and closed-loop PID valve control, and for
teaching virtual instrumentation and process

measurement. 13.
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