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Abstract: One conventional gas leakage testing procedure requires shutting down the whole
plant to monitor gas pressure in continuous 24-hours. This leakage testing is subjected to human
error and tedious. Hence, this study aims to propose a system that automates gas leakage testing.
First, the mathematical model of a proposed gas pressure sensor would be determined with the
different regression models. The measured gas pressure values would be recorded into a SD
card and used to establish a predictive model to minimize the steady-state error of the predicted
gas pressure. Results show that the optimal mathematical model for the gas pressure sensor was
a quadratic model with the lowest root mean square error of cross-validation (RMSECV) of
0.067 kg/cm? among the other regression models. Next, the quadratic model established the
relationship of the actual and desired gas pressure with the lowest steady state root mean square
error of 0.1249 kg/cm?. These findings indicate that the proposed system coupled with a
quadratic model outperforms that coupled with other regression models in automating the
conventional gas leakage testing.
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1. Introduction

Gas pipelines are very important to transport natural gas from one place to another place.
The current procedure for detecting the gas leakage of the gas pipelines might be unsecured.
Gas leakage testing methods can be classified into two categories i.e. during and before the
operation. For a gas leakage testing method that applied during the operation, MQ-2 [1] and
MQ-5 [2, 3] sensors are used to detect the gas concentration in the environment. When liquefied
petroleum gas (LPQG) leaks, the surrounding gas concentration will increase. GSM module [1]
or the buzzer [3] could be used to alert users if necessary. Some sensors can measure the gas
pressure before and during the operation e.g. strain hoop sensors [4, 5, 6] and camera vision
sensor [7]. The gas leakage in the pipeline generates the negative pressure wave (NPW) that
can be detected using a lead zirconate titanate (PZT) sensor and fiber Bragg grating (FBG)
strain sensor [4, 5, 6]. On the other hand, vision sensors detect the size of the marker on the
sensor diaphragm. It is worth to highlight that the sensory leaking testing could detect low
pressure at 3.4kg/cm? but vision sensors are only applicable for higher pressurized gas pipeline
[8]. A highly sensitive gas pressure sensor based on Fabry—Pérot interferometer could be an
alternative. However, this highly sensitive gas pressure sensor is expensive [9].

The procedure of a conventional gas leakage testing method that applied before the
operation is as follows. First, the whole plant is needed to be shut down for a continuous 24-
hours gas pressure monitoring. After that, all piping would be pressurized by injecting Nitrogen
to the piping system. To complete this task, operators need to completely close all valves so
that the system can be pressurized to 5.5kg/cm?. This pressure will be held for 24 hours. During
this period, a mechanical pressure gauge is used to manually measure and monitor the pressure
in the piping system according to the standard operating procedure to ensure there is no leakage.
If there is no visible loss of pressure after 24 hours, the line will be deemed to be gas tight. If
the pressure gauge indicates a pressure drop, the piping would be checked. This whole testing
work will be witnessed by the representative(s) of a local safety agency. However, this leakage
testing is subjected to human error and is very tedious because the desired pressure was
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manually controlled using a manual valve [4, 6], and manually monitored using a mechanical
pressure gauge.

When a gas leakage occurs, the pressure of the piping cannot be maintained at the desired
value. This leakage testing is highly dependent on the worker that authorized by a local related
authority or agency. The worker will determine the gas leakage by reading the pressure gauge
meter visually during the testing. Consequently, the testing process is highly subjected to human
error. This testing needs more than one worker to continuously monitor the gas pressure for 24
hours. Furthermore, the existing method is challenging to record the pressure values
continuously for the accreditation of the safety agency. Thus, this study aims to evaluate an
alternative to automate this conventional gas pressure monitor work using a proposed portable
gas pressure system.

2.Methodology
A. System Design

The proposed prototype had three main compartments, i.e. top, middle, and bottom
compartments. The top compartment consisted of a user interface and a pressure valve. The
middle part contains a circuit board, a microcontroller (Arduino Mega 2560), a DC-DC
adjustable step-up converter power module, a SD card, and all other basic electronic
components. Next, a gas pressure transducer (TPS20-G26F8-00) and a power source were
located at the bottom.

Figure 1 illustrates the connection of the components in the system. The gas pressure sensor
that was a combination of the gas pressure transducer and an external circuit was used to detect
the pressure in the pipeline. The gas pressure transducer was activated by supplying a 24V DC
source from the external circuit. The gas pressure sensor can detect the pressure range between
0 — 10 kg/cm? that would adjust the current across the resistor R1 from 4mA to 20mA. So, the
voltage drops at the resistor, R1 (2200hm) will be 0.88V —4.4V. The voltage drops on the R1
was calculated using Ohm’s Law. The power supply of the system was 24V. A DC-DC booster
was used to boost the supply voltage from 12V to 24V. The subtracting amplifier (LM358) was
used to measure the voltage drop across the R1. Then, the LM358 operational amplifier
amplified the signals to the microcontroller.
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Figure 1. The circuit design of the proposed system.
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The whole system was programmed using the Arduino IDE. The size of the proposed
system was 20cm x 12.5¢cm x 8.5cm. An OLED display was used to display the setting for the
user. The user can key in the desired pressure and monitoring duration using the joystick. The
measured pressure would be saved using the SD card module. The data would be processed
using Matlab (2015a) to model the relationship between the pressure and the measured voltage.
Lastly, the estimated pressure value and the time would be displayed on the OLED display.

B. Gas Pressure Sensor Calibration

The linear, quadratic, and cubic models are widely used in different applications like design
the shortwave Near Infrared (NIR) spectroscopy [10] and aero-material consumption prediction
[11]. Besides, regression models could be used to evaluate the gas pressure and other factors
[12]. Hence, the regression models were used for calibrating the gas pressure sensor.

Figure 2 illustrates the block diagram of the proposed gas pressure measurement system.
The valve was automatically controlled according to the measured pressure in the pipeline. The
gas pressure sensor was activated by a 24VDC supply. The gas pressure sensor would measure
the changes of the gas pressure when it was mount on the pipeline. Generally, a pipeline needs
to be held on 8kg/cm? during the leakage testing. Next, a mechanical pressure gauge meter was
used to determine the actual gas pressure before calibrating the gas pressure sensor. Data was
recorded during the desired duration. The recorded data would be pre-processed using moving
average to remove noises. The data would be recorded in every 135ms. This is the maximum
speed that the microcontroller (i.e. Arduino Mega) can get the signal and convert it.
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Figure 2. The block diagram of the proposed gas pressure measurement system.
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In the calibration process, a compressor was used to supply pressure to the proposed system.
The valve was controlled manually in the previous study [4, 6]. After the system and a
compressor were switched on, the device would record the measured pressure. The compressor
would be switched off manually when the desired pressure was reached. The measured signals
and the actual pressure were recorded and stored in a SD card for the next step to establish the
relationship using a suitable regression model.

C. Regression Model

The regression model shows promising result in [13] compared with other methods. The
effect of the number of data used in calibration was evaluated. First, the data was divided into
four sets. Three sets of data were used as training data (i.e. = 75% training data), the remainder
one set of data was used as testing data (i.e. = 25% testing data). For the cross-validation, this
step was repeated to change the other data set to become testing data once. After cross-
validation, the root mean square error of cross-validation (RMSECV) was calculated. Different
regression models of linear, quadratic, cubic, 4" degree polynomial, 5" degree polynomial, and
6™ degree polynomial were used to model the relationship between the measured signals and
the actual pressure. The cross-validation process was repeated by reducing the number of
calibration dataset to 66% and 50%, respectively.

Figure 4 illustrates the root mean square error of the cross-validation (RMSECYV) value
when the different number of calibration data and different regression models were used. To
avoid over-fitting, the regression model that has the lowest of the RMSECV value would be
chosen as the equation for the gas pressure sensor. When the gas pressure was Okg/cm?, the
measured ADC value was 180. This is in-line with the minimum signal supplied to the
microcontroller of 0.88V from the external circuit. The coefficient of all regression models
would be computed using Matlab (2015a) by using a matrix to solve the simultaneous equations.

D. Evaluation of the Gas Pressure Data Acquisition System for Gas Leakage Detection

Figure 3 illustrates the procedure of the gas pressure data acquisition system to record the
data and control the valve. For data collection, the proposed system was connected to a
compressor and a bottle to store the gas. First, the proposed system was switched on. Then, the
desired pressure and duration were set. After that, the valve would be switched on automatically.
The valve would be switched off automatically when reaching the desired pressure. Then, the
pressure would be held in the bottle and recorded. The device would be stopped the data
collection when it reached the desired duration. All results were stored in a SD card for
performance analysis and evaluation.
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Figure 3. The procedures of the gas pressure data acquisition system.
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Next, to evaluate the ability of the proposed system in detecting gas leakage, the gas
pressure was purposely leaked from the stopper of the bottle after the gas pressure reached a
steady state for a few seconds. Three LEDs were used as indicators, i.e. yellow indicated the
pressure pump in, green indicated the pressure stay in the steady state at the desired pressure,
and red indicated the gas pressure leakage. All results were stored in a SD card for further
analysis.

3. Result and Analysis
A. Regression Model

Figure 4 illustrates the errors during testing ramps lower when increasing the order of the
regression model initially, and then the errors raise. This suggests that the model will be over
fitted if the complexity of the model is over. Hence, the regression model would be chosen
according to the lowest root mean square error of the cross-validation (RMSECV). All
regression models were tested with cross-validation so that the RMSECV value of the
regression model can be compared with each other. The lowest RMSECV value of the
regression model was 0.067 kg/cm? that was a quadratic model with a 50% testing dataset. Thus,
the quadratic model would be programmed into the microcontroller to convert the measured
ADC value to the estimated pressure (kg/cm?). The formula of the quadratic model to calculate
the estimated pressure as (1).

Estimated pressure = -3.1269e-06 x(ADC)? + 0.01822xADC - 3.0008 )]

where ADC is the measured analog-to-digital conversion value in the microcontroller.
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Figure 4. The effects of different testing data amount (i.e. 25%, 33%, and 50%) during the
RMSECYV for different regression models — Quadratic model is the best because it achieved
the lowest RMSECV.

Figure 5 illustrates the quadratic model that produced using the cross-validation with the
lowest RMSECV has a good relationship between the predicted gas pressure and the actual gas
pressure. The correlation coefficient value of the quadratic model is near to one, which means
the model is able to fit the data with a strong correlation.
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Figure 5. The regression plot of the best quadratic model that identified using RMSECV with a
50% testing dataset.

B. Evaluation the Gas Pressure Data Acquisition System for Gas Leakage Detection

The pressure is expected to drop after closing the valve [14]. This is because the high gas
pressure near the valve will drop to the low gas pressure at the end of the pipelines. One method
that can minimize the steady-state error is controlling the on/off valve accordingly [15]. Hence,
this study adapts the method to close the valve at the higher pressure to minimize the steady state
error. Figure 6(a) illustrates an obvious steady state error between the actual gas pressure and the
desired gas pressure. When the desired gas pressure was set at Skg/cm?, the valve was closed
when the actual gas pressure reached 5kg/cm?. However, the gas pressure would drop after the
valve was closed and then reached the steady state at 3.2kg/cm?. This could be due to the fact
that the gas pressure was not yet distributed evenly in the system immediately.

Figure 6(d) illustrates the relationship between the actual gas pressure and the desired gas
pressure. The relationship between the actual gas pressure and the desired gas pressure is
proportional, and the actual gas pressure can be predicted by using a quadratic regression model.
So, the valve will be closed at the gas pressure that is higher than the desired pressure according
to the actual gas pressure needed to improve the steady state performance. The actual pressure
can be calculated using the formula as shown in Equation (2).

y=-0.36x"+58x-17 )

where y is the actual pressure and x is the desired pressure.
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Figure 6(b) illustrates the difference between the actual gas pressure and the desired gas
pressure after the correction. When the user sets the desired gas pressure to Skg/cm?, the valve
would close at 6.3kg/cm? according to the correction estimation (Figure 6(d)). Hence, the steady
state gas pressure would stay at the desired pressure of Skg/cm?. Figure 6(c) shows that the
unwanted signal of the acquired data can be minimized after applying a simple moving average.
After using the simple moving average, the gas pressure data was smoother and easier to be
analysed. Table 1 summarises the performance of the proposed gas pressure monitoring system
after the offset correction and the moving average. The results indicate that the proposed system
can monitor the gas pressure with a steady-state root mean square error (RMSE) of 0.1249
kg/cm?. This shows the gas pressure system can close the valve with the minimum difference
between desired pressure and actual pressure. The absolute errors of the proposed system were
relatively higher when the measured pressures were 4 and 7 kg/cm?, compared to that were 5
and 6 kg/cm?. This suggests that the performance of the proposed system tended to be degraded
when the pressure that were beyond 5 and 6 kg/cm?. Next, a positive error was observed when
the desired pressure was either 4 or 5 kg/cm?, while a negative error was observed when the
desired pressure was either 6 or 7 kg/cm?. This could be due to the absent of a control system
that causes the proposed system to have larger steady-state when the desired values were
beyond the range of 5 and 6 kg/cm?. Nevertheless, statistically, the measurement would expect
to achieve the mean and standard deviation of the steady-state error of 0.1025 and 0.0826
kg/cm?, respectively.

Table 1. The steady state analysis of the proposed system after the offset
correction and the moving average.

Desired Gas | Actual Gas Steady-state performance (kg/cm?)
Pressure Pressure E M Standard RMSE
(kg/cm?) (kg/cm?) fror can deviation

4.00 4.12 +0.12

5.00 5.06 +0.06

6.00 508 0.02 0.1025 0.0826 0.1249
7.00 6.79 -0.21

4. Conclusion

Two calibrations were studied and conducted in this study for gas pressure sensor and data
acquisition, respectively. The first calibration was conducted to ensure the proposed system can
measure the gas pressure accurately. The analysis shows that the quadratic model was the best
model that achieved the lowest RMSECYV of 0.067kg/cm? in modelling the relationship between
the actual pressure and the measured ADC values. This relationship was presented in Equation
(1). Next, the second calibration was conducted to evaluate the accuracy of the system that
automatically switched off the valve to maintain the desired pressure. The comparison indicates
that the quadratic model could minimize the steady state error to a root mean square error of
0.1249 kg/cm? by modelling the relationship between the desired and the actual gas pressure of
the proposed system after switching off the valve. This relationship was presented in Equation
(2). This finding indicates that the proposed system is promising to automate the tedious yet
important quality control in gas piping installation and maintenance, subsequently to avoid
relying on human visual inspection on gas pressure gauge meter for the continuous manual
pressure monitoring. For future works, a control system e.g. proportional-integral-derivative
(PID) and fuzzy logic controller will be studied to enhance the steady-state response of the
proposed system in gas pressure monitoring.
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