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Abstract:

The increasing demand for environmentally friendly vehicles with optimal engine performance has encouraged the
development of cleaner and more efficient alternative fuels, such as Liquefied Petroleum Gas (LPG). LPG has a high
octanerating and is suitable for engines operating at high compression ratios. Its use also produces a self-refrigera-
tion effect during depressurization, as the phase transition from liquid to gas absorbs heat. This cooling potential is
generally dissipated into the environment, although it can be utilized to reduce intake-air temperature, which is par-
ticularly important for maintaining volumetric efficiency and engine power under high ambient temperatures. There-
fore, this study developed an Adaptive Intercooler Control System (AICS) that utilizes the LPG self-refrigeration effect
as a cooling mediumfor engine intake air. The AICS was experimentally evaluated on a 135cc engine based on engine
performance, heat transfer characteristics, and exhaust emissions. The results showed that AIC'S operation increased
engine power by approximately 0.7—1.0 HP (13—-18%) at 4800—5200 rpm and increased torque by 0.2—0.4 Nm at
4000-5000 rpm. At idle speed, the system reduced HC emissions from 1020 to 890 ppm and CO emissions from 5.3%
to 4.8%. Thermally, AICS optimized heat transfer within the intercooler, achieving an air-side heat transfer rate of
approximately 5.5-5.6 W over 25-35s. The LPG-side heat transfer rate remained stable at approximately 20-26 W
throughout the testing period. These findings demonstratethat controlled utilization of LPG self-refrigeration through
AICS can improve intake-air thermal management, enhance engine performance, and reduce exhaust emissions.
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1. Introduction

Energy demand in the transportation sector is in-
creasing significantly at both global and regional
scales, with fossil fuels accounting for the larger
proportion. The increasing consumption of fossil-
based energy has contributed to adverse impacts on
human respiratory health and environmental degra-
dation (Mahlangeni et al., 2025; Wallbanks et al.,
2024). Additionally, the extensive use of fossil fuels
has accelerated global climate warming, triggered
extreme weather changes, and contributed to sea
level rise (Bergougui, 2024). These conditions show
the growing importance of adopting alternative en-
ergy sources, such as Liquefied Petroleum Gas
(LPG), that are environmentally friendly, sustaina-
ble, and economically viable to support the develop-
ment of greener transportation systems (Anantama
et al. 2023; KOZYRA et al. 202; Vishnuram et al.
2025).

LPG is currently considered a promising alternative
energy source for use as a fuel in the transportation
sector. The widespread use of LPG as a vehicle fuel
is supported by several factors, including relatively
stable availability, an established distribution net-
work in many countries, and lower operational costs
compared to conventional fuels. Additionally, LPG
possesses a relatively high energy content, an ele-
vated octane rating, and produces lower emissions,
showing potential as a feasible fuel for vehicle ap-
plications (Churchill et al., 2025; Dafis et al., 2026;
Matthujak et al., 2021). The lower operating pres-
sure compared to other gaseous fuels also provides
advantages in terms of operational safety. However,
the application of LPG as a vehicle fuelstill faces
several limitations, particularly related to engine
performance. Several studies have reported a reduc-
tion in engine power when gasoline is replaced with
LPG. Simsek and Uslu (Simsek & Uslu, 2024) re-
ported that internal combustion engines using LPG
had a negative impact on power reduction but a pos-
itive impact on emission quality. This reduction in
engine performance is attributed to the lower flame
propagation speed compared with fossil fuels. To
address the limitations, adjustments to ignition tim-
ing, compression pressure, and Air-Fuel Ratio
(AFR) have been proven effective to mitigate the re-
duction in engine power.

Several previous studies have evaluated the perfor-
mance of LPG-fueled engines by considering vari-
ous operational parameters. Some of these studies

have focused on volumetric efficiency analysis, ex-
haust emission characteristics, ignition timing con-
trol, fuel mixer design, and natural cooling phenom-
ena attributed to the phase change of LPG. Research
conducted by Talib, Al-dawody, and Sarris (Talib
Hashemetal., 2023) reported that gasoline-powered
engines showed higher volumetric efficiency than
LPG. Another study by Masi, Massimo, and Paolo
Gobbato (Masi & Gobbato, 2012) attempted to ob-
serve the volumetric efficiency characteristics of ve-
hicles using gasoline, LNG, CNG, and LPG. How-
ever, the direct relationship between volumetric ef-
ficiency and engine power outputin LPG fuel sys-
tems has not been extensively discussed in the exist-
ing literature. From an emissions perspective, the
majority of studies have examined changes in ex-
haust gas composition in LPG-fueled engines.
Usman et al., (2020) investigated the emissions pro-
duced by LPG engine, focusing on carbon dioxide
(CO3), hydrocarbons (HC), and carbon monoxide
(CO). Meanwhile. Meanwhile, Park and Sungwook
Park (2025) and Kim et al (2025) conducted a study
simulating engine power measured using a dyna-
mometer test (dyno test) in relation to the nitrogen
oxides (NOx) emissions produced. Although exten-
sive investigations have been conducted on emis-
sions, the relationship between ambient air tempera-
ture conditions and power reduction in LPG engine
has not received sufficient attention.

In addition to combustion parameters, LPG-air mix-
ture has been investigated to improve engine perfor-
mance and emission characteristics. A previous
study by Setiyo et al. (2016) and Wanget al.(2022)
designed fixed mixers to improve the homogeneity
of LPG-air mixture. The designed system was ex-
perimentally tested on a 1500 cc vehicle, and the
power output was validated using a dynamometer
test (dyno test). Mohsen et al.(2023) introduced
compression pressure as an additional variable to
evaluate the generated engine power. Meanwhile,
other studies conducted by Zhang, et al.,(2022) and
by Xiangyang et al (2024) investigated exhaust
emission characteristics through adjustments of the
spark advance system. Although studies on fuel—air
mixer parameters have been conducted, there is no
report addressing the self-refrigeration effect and
LPG mixer in relation to changes in engine power.
As a vehicle fuel, LPG undergoes several thermody-
namic transformations that generate a potentially
useful cooling effect. The fuelis safely stored in a



Munahar, S. et al.
Archives of Transport, 78(2), 145-170, 2026

147

tank under high pressure in liquid form and con-
verted into a gaseous phase under lower pressure
conditions to meet engine requirements. This liquid-
to-gas phase transition absorbs heat from the sur-
roundings, producing a self-refrigeration effect that
is typically dissipated freely into the environment.
Several studies have investigated the phenomenon,
particularly the potential of LPG as an alternative
cooling system. Leigh et at (Salamanca et al., 2024)
developed LPG as a coolant in refrigerators, which
produced a fairly good coefficient of performance
(COP) and successfully achieved temperatures be-
low 0°C. Meanwhile, otherresearchers Setiyo etal.,
(2017a) and Setiyo et al., (2017b) reported the po-
tential of LPG as a refrigeration system based on a
half-cycle process. Waluyo et al., (2022) further de-
veloped the application of LPG as a cabin cooling
system in vehicles. Despite the numerous reports,
there is no information on the use of heat absorption
capability of LPG as a cooling system to enhance
engine performance.

The potential of the cooling effect is particularly rel-
evant to internal combustion engines, where perfor-
mance is strongly influenced by the volumetric effi-
ciency of the intake air. Under high ambient temper-
ature conditions, the volumetric efficiency de-
creases, which reduces the generated engine power
(Hofmann,2017). At low temperatures, operational
disturbances may occur, particularly during the air—
fuel mixing process and engine cold starts. Several
studies have reported an ideal operating temperature
of approximately 20-30°C (Amer et al., 2015;
Salman et al., 2020).

Previous studies on LPG engines have been con-
ducted using various variables, including emission
characteristics, volumetric efficiency, fuel-air mix-
ing system design, and engine parameter optimiza-
tion. However, several important aspects remain in-
sufficiently explored, particularly the development
of a control system designed to prevent engine
power loss caused by reduced volumetric efficiency
during high ambient temperatures by leveraging the
self-cooling effect in LPG engines. Intercoolers
have been applied to internal combustion engines
specifically diesel engines as discussed by
(Cipollone et al., 2017) and (Novella et al., 2017).
However, a drawback of this system is that it re-
quires energy to operate, thereby reducing the power
generated by the engine. In contrast, the research
conducted here utilizes exhaust energy, thereby

avoiding any reduction in engine power. Therefore,
this study proposes anovel approachthrough the de-
velopment of an Adaptive Intercooler Control Sys-
tem (AICS) designed to cool the intake air entering
the engine. The proposed system aims to reduce en-
gine power losses and decrease exhaust emissions
while simultaneously enhancing engine power out-
put through improved volumetric efficiency by uti-
lizing the LPG self-refrigeration effect, which has
rarely been investigated in previous studies. The
novelty of this research lies in the design of AICS,
which is able to control the intake air cooling pro-
cess based on the self-cooling effect of the LPG en-
gine to prevent engine power loss at high ambient
temperatures. To date, the LPG self-refrigeration ef-
fecthas generally been released directly into the sur-
rounding environment without being utilized as a
potential method forimprovingengine performance.
This study extends previous activities that were de-
veloped only on a mathematical model scale with
MATLAB Simulink by implementing the proposed
concept in real vehicles (Munahar et al., 2026).

2. Methods

2.1. Set up Research Apparatus

In designing AICS, several stages were carried out
systematically. The initial stage started with the de-
velopment of the installation scheme for AICS com-
ponents, as shown in Figure 1. The control system
consisted of, namely (1) LPG tank, (2) shut-off
valve, (3) weight scale, (4) expansion valve, (5)
evaporator/intercooler, (6) converter kit, (7) mixer,
(8) throttle body, (9) engine, (10) Electronic Control
Module (ECM), (11) main solenoid, (12) bypass so-
lenoid, and (13) Exhaust Gas Analyzer (EGA). En-
gine power performance testing was conducted us-
ing a dynamometer, with the throttle fully open and
a single driver in the vehicle (14). Subsequently,
heat transfer characteristics of LPG and air were
measured usingdata acquisition. LPG emissions and
AFR were measured using Exhaust Gas Analysis
(EGA) meter. A weight scale and time-varying
measurements were used to determine LPG flow
rate. A temperature sensor (T4) was used to measure
the air entering the intake manifold. The air entering
the intercooler was measured using a temperature
sensor (TS). LPG entering and leaving the inter-
cooler was determined using sensors T(3) and T(2)
for LPG temperature changes. Heat transfer charac-
teristics of LPG and air were measured using a data
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acquisition system. LPG emissions and AFR were
evaluated using EGA meter and AFR meter. LPG
mass flow rate was determined usingabalance com-
bined with time-varying measurements. T4 sensor
was used to measure the temperature of the air en-
tering the intake manifold, while T5 was used for air
entering the intercooler. Furthermore, the inlet and
outlet temperatures of LPG flowing through the in-
tercooler were measured using temperature sensors
T3 and T2, respectively, to capture LPG temperature
variations during heat transfer process.

1

In orderto ensure adequate experimental conditions,
several parameters were kept constant and some pa-
rameters were varied. The parameters kept constant
include: 1) The vehicle load is carried by a person
weighing approximately 65 kg. 2) The engine igni-
tion timing is setat Se before TDC (Top Dead Cen-
ter). 3) The test vehicle uses a vehicle of the same
type. Meanwhile, the parameters varied include: 1)
The temperature of the airentering the engine is var-
ied using a heater. 2) The vehicle engine is operated
in the range of 4000-6500 rpm.

3

& &

Note :

1. LPG Tank. 6. Converter kits.
2. Shut off valve, 7. Mixer.

3. Weight scale. 8. Throttle body.
4. Expansion valve. 9. Engine.

5. Vaporizer.

Ambient air temperature

Cold air

1)

11. Main solenoid .

12. Bypass solenoid.

13. Exhaust gas analyser.
14. Dynotest.

10. Electronic Control Modul (ECM).

Fig. 1. Settings of AICS
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Fig. 2. ECU wiring diagram.

The designed ECM has a wiring diagram consisting
of several components, as shown in Figure 2. ECM
is an integrated circuit system composed of (a) AT-
Mega microcontroller, (b) MOSFET, and (c) air
temperature sensor. Meanwhile, components (11)
the main solenoid and (12) the bypass solenoid were
used to regulate LPG flow and were installed near
the engine. The developed control system was im-
plemented using a microcontroller programmed in

the C programming language, as presented in the
Appendix.

2.2. Equipment Specifications

The equipment used in this study consisted of sev-
eral components, including a motorcycle, a micro-
controller, and solenoid valves, with their specifica-
tions presented in Table 1.
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Table 1. The equipment specifications.

No. Description Specification Information
1. Motorcycle Yamaha Test vehicle
2. Engine Volume 135 cc
3. Engine Type 4 strokes
4. Transmission 5 speeds
S. Rear Brake Brake drum
6. Front Brake Disc brake
7. Microcontroller Type ATmega 328P Microcontroller for ECU controller
8. Speed Clock 16 MHz
9. Flash Memory 32 KB
10. Analog Input Pins 6 Pins
11. EEPROM 1 KB
12. Voltage 12 Volt Solenoid
13. LPG working pressure 1-12 bar Fuel tank
14. MOFSET IRF 520 Solenoid control module
15. Solenoid 12 Volt Main and Bypass
16. Air temperature sensor DHI11 Measuring range 0 — 60°C with humidity
20-90%.
17. Evaporator Dimensions of 15x10x 10 Cross-sectional area for heat transfer
cm with a frontareaof 12x  3,935.51cm?

7 cm =105 cm?

2.3. Effect of LPG Self-Refrigeration

The self-refrigeration effect in LPG is a thermody-
namic phenomenon caused by a sudden pressure re-
duction thatinduces flash evaporationin a portion of
the fluid. This phenomenon leads to heat absorption
from the surrounding environment, thereby produc-
ing a cooling effect. The magnitude of the effect is
generally influenced by the thermodynamic charac-
teristics of the gas. LPG is a hydrocarbon mixture,
primarily consisting of propane and butane, which is
stored under high-pressure conditions to maintain
the liquid phase. In engine fuel applications, LPG
must undergo a pressure reduction to meet combus-
tion requirements. This process causes a phase
change that generates a self-refrigeration effect.
However, the coolingeffecthasnotbeen utilized op-
timally and is often released directly into the envi-
ronment without thermal energy recovery. This lim-
its potential benefits of LPG-based cooling for im-
proving engine performance and thermal manage-
ment.

2.4. Adaptive
(AICS)
AICS is an innovation in thermal management for
LPG-fueled engines. This system is designed to op-
erate adaptively to enhance engine performance,
particularly under conditions of elevated ambient
temperatures caused by high solar radiation or urban

Intercooler Control System

environments with significant heat loads. AICS
method uses temperature sensors and ECM to mon-
itor and regulate the cooling process in real time
based on engine operating conditions. Adaptive con-
trol of the solenoid valves and regulation of LPG
flow enable optimization of engine performance un-
der high thermal load conditions. The implementa-
tion of this system, including the specifications of
ECM used, contributes to improved engine power
output, reduced emissions, and the recovery of ther-
mal energy that will be dissipated into the environ-
ment.

2.5. Control System Algorithm

The control system algorithm developed in this
study described the mechanism for regulating LPG
flow entering the engine, as shown in Figure 3. The
system started with the measurement of intake air
temperature through the intake manifold, which is
converted into digital data. The microcontroller, as
part of ECM, was used to determine the control ac-
tion based on a comparison between the measured
temperature and a predefined threshold value. The
initial stage started with a sensor measuring the in-
take air temperature through the intake manifold.
The sensor output, which was initially in analog
form, was converted using Analog-to-Digital Con-
verter (ADC) into digital data that could be pro-
cessed by ECM. Subsequently, ECM compared the
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temperature value with a threshold of 30°C. When
the intake air temperature is greater than 30°C (T >
30°C), the system operates under condition S1.
However, when the intake air temperature is lower
than 30°C (T < 30°C), the system operates under
condition S2.

Intake Air
Temperature

Fig. 3. Control system algorithm

The ambient air conditions in this study are classi-
fied into three states S1, S2, and S3 as presented in
Table 2. Condition S1 represents a high ambient
temperature state, which has the potential to reduce
LPG engine performance due to therise in intake air
temperature. Under this condition, an intake air
cooling system is required to reduce the spacing be-
tween air molecules, thereby improving combustion
quality and optimizing engine power output. To
achieve this, both main solenoids are activated (On)
and both bypass solenoids are deactivated (Off), al-
lowing LPG in the gas phase to flow through the in-
tercooler; this provides a natural cooling effect by
absorbing heat from the intake air flowing toward
the engine.

In comparison,condition S2 represents a state of rel-
atively low ambient temperature, where intake air
cooling is less necessary. Under this condition, one

main solenoid and the bypass solenoid are deac-
tivated (Off) to prevent the LPG from cooling the
intake air.

Condition S3 represents the lowest ambient temper-
ature state, where intake air cooling is no longer re-
quired. Under this condition, both main solenoids
are deactivated (Off) and the bypass solenoids are
activated (On) to prevent the LPG from cooling the
intake air. Such temperatures can trigger condensa-
tion (dew point formation), potentially disrupting
the combustion process within the engine. However,
condition S3 is not reported in this article; the study
focuses on the implementation of conditions S1 and
S2, as these sufficiently demonstrate the impact of
usingan intercooler on changes in power and torque.

Table 2. Status of conditions S1, S2 and S3.

. . By pass
Status Main solenoid soi,elr)loid
1 2 1 2
S1 On On Off Off
S2 On Off On Off
S3 Off Off On On

2.6. Analysis of Heat Transfer in Intercooler
Analysis of heat transfer in the intercooler was con-
ducted using several mathematical equations. The
initial stage included determining LPG mass flow
rate (M pg), which was obtained through measure-
ments using a digital scale. The scale was used to
measure the change in LPG mass consumed over a
specific time interval, as expressed in Equation (1).
Subsequently, LPG mass flow rate (g/s) was calcu-
lated based on the difference between the initial
mass (711) and the final mass (M), divided by
the measurement duration (t). The air mass flow rate
(Myir) entering the engine was determined using
Equations (2) and (3). This value was obtained from
the product of AFR and LPG mass flow rate
(Tthg). AFR, representing the proportion of air to
fuel, was measured using AFR meter/EGA installed
in the exhaust system. AFR value was determined
using Equation (1).

AFR = 2@ M)
Mppc

. m;y—m

Mypc = % )
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Mgy = AFR X mpg 3)

After obtaining AFR value, LPG and air flow rates
were subsequently used to calculate LPG heat trans-
fer rate in the intercooler. The magnitude of LPG
heat transfer rate was calculated using Equation (4),
expressed as (qlpg). This heat transfer was deter-

mined from the productofthe enthalpy change (AH)
and LPG (Setiyo et al., 2022)(Ohunakin et al.,
2017). The enthalpy change of LPGis calculated us-
ing Equation (5), which is based on the difference
between the fluid enthalpy at the inlet and outlet
conditions of the intercooler. LPG enthalpy value
(AH) is associated with the difference in thermody-
namic conditions before and after heat transfer pro-
cessin theintercooler. The enthalpy datausedin this
study were obtained from the thermodynamic prop-
erties of LPG, consisting of a 50% propane—butane
mixture. These values were determined based on the
fluid conditions at the inlet and outlet sides of the
intercooler, thereby representing the energy changes
occurring during the cooling process.

A =Mipg X Ah 4)

AH=0,5(propana + butana); — )
0,5 (propana + butana),

Heat transfer rate was calculated using Equation (6),
while the air flow rate was determined using Equa-
tion (5) by multiplying AFR by LPG flow rate under
each test condition. The specific heat capacity of air
was assumed to be constantat 1,140 J-kg™*-°C™* for
a temperature of 40°C and relative humidity of ap-
proximately 90% (Sammour et al. 2023). The air
mass flow rate M;,- within the intercooler is ex-
pressed in kg.s”!. Meanwhile, AT,;, represents the
temperature difference of the air passing through the
intercooler, expressedin °C. The temperature differ-
ence data for both air and LPG were collected using
a real-time data acquisition system installed on the
test vehicle.

Qair = Mgy X CPgir X ATy (6)

2.7. Statistical Analysis for Testing Engine Per-
formance Data

The engine power and torque data obtained from

LPG-fueled engine tests were statistically analyzed

to verify the reliability of the measurement results.

Statistical analysis was performed using the non-
parametric Wilcoxon Signed-Rank Test, which was
considered appropriate for analyzing two related
samples. The reliability of the measurement results
was evaluated ata 95% confidence level with a sig-
nificance level (o) 0of 0.05. The statistical analysis of
the engine power and torque data was carried outus-
ing IBM SPSS Statistics. For this analysis, two hy-
potheses were formulated, including the null hy-
pothesis (Ho) and the alternative hypothesis (Ha).
The null hypothesis (Ho) stated that the implementa-
tion of AICS had no statistically significanteffecton
improvingengine power and torque. Meanwhile, the
alternative hypothesis (H:) stated thatthe implemen-
tation of AICS had a statistically significant effect
on improving engine power and torque. The hypoth-
esis testing results were interpreted based on the p-
value obtained from the SPSS analysis. When the p-
value was less than or equal to 0.05, the null hypoth-
esis (Ho) was rejected in favor of the alternative hy-
pothesis (Hi). However, when the p-value was
greater than 0.05, the null hypothesis (Ho) was not
rejected.

Furthermore, descriptive statistics were used to ana-
lyse changes in AFR, LPG flow rate, airflow rate,
the temperature difference of air passing through the
intercooler, the LPG temperature difference, air heat
transfer, and LPG heat transfer. The analysis utilized
Standard Deviation (SD) and Margin of Error
(MoE), as presented in Equations (7) and (8). SD
and MoE were employed to analyse the AICS once
the data had stabilized; this condition occurred be-
tween the 20-second and 100-second marks, com-
prising a total of 80 data points. Where x is the ob-
served data, Z is the confidencelevel, and n is the
number of data points or samples.

SD = M 7
1’ n—1

MoE = 7 x 52 ®)
oE = —
Jn

3. Result and Discussion

3.1. Changes in LPG Engine Emission Values
with AICS

LPG engine emission measurements were carried

out at idle speed (approximately 1,000 rpm), no

load, and closed throttle valve which is presented in
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Figure 4. Because the measurement is carried out at
idle engine conditions, the measurement method has
uncertainty when the vehicle is measured at engine
speeds, engine loads and throttle valve openings that
vary.This Figure 4 informs about the changes in ex-
haust emissions with and without the Adaptive In-
tercooler Control System (AICS). This figure pro-
vides information regarding the comparison of LPG
engine exhaust emission characteristics analyzed
through five main parameters: HC, CO, AFR, COx,
and O:. For the hydrocarbon (HC) parameter, the
emission value decreased significantly from approx-
imately 1020 ppm (without AICS) to 890 ppm (with
AICS). In terms of carbon monoxide (CO), a signif-
icant reduction was observed from approximately
5.3% to 4.8% when AICS was applied. This reduc-
tion indicated that the combustion process became
more complete, as CO was a primary indicator of in-
complete combustion. With the implementation of
AICS, the intake air temperature decreased, leading
to higher air density, which improved the air—fuel
mixing ratio.

AFR value showed a slight increase from 14.75
(without AICS) to 14.85 (with AICS), reaching the

stoichiometric condition. This increase indicated
that the mixture became leaner (containing more
air), which contributed to better combustion effi-
ciency and lower CO emissions. For carbon dioxide
(CO2) emissions, an increase was observed from ap-
proximately 4.8% to 5.2% with the use of AICS. The
increase in CO2 was considered a positive indication
that combustion occurred more completely, as more
carbon was fully oxidized into CO: rather than CO.
Meanwhile, the oxygen (O2) content in the exhaust
gas increased from approximately 4.5% to 6.3%.
This result indicated the presence of excess air dur-
ing the combustion process, which was consistent
with the increase in AFR. The excess O: also con-
tributed to suppressing CO formation.

The implementation of AICS was proven to improve
the combustion quality of LPG engine through an in-
crease in intake air density. This improvement pro-
duced lower CO emissions, higher CO: emissions,
as well as enhanced AFR and O: content. Therefore,
the intercooler played a major role in thermal man-
agement, providing a significant contribution to
emission reduction and the improvement of combus-
tion system efficiency.

E
=
=¥

- I
£ =
(=%
[=1
1000 2
s -5
% --TTE
=
15 _é_
04— <
%
=+
5 S S
-
With AICS Without ATCS

Fig. 4. Changes in LPG engine emission reduction
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3.2. Characteristics of Power Produced by LPG
Engines

The dynamic performance of LPG engine power
with AICS is presented in Figure 5, showing the re-
lationship between engine speed (4000—6500 rpm)
and engine power (Hp) with and without AICS. Both
curves showed a nonlinear trend characterized by an
increase in power reachinga peak point, followed by
a decline at higher engine speeds. Under the condi-
tion with AICS (solid line), the engine power in-
creased significantly from approximately 4.0 Hp at
4000 rpm to a peak of 6.0 Hp within the range of
4900-5100 rpm. Furthermore, minor fluctuations
occurred while maintaining relatively high power
output up to approximately 5800 rpm, before gradu-
ally decreasingto 4.0 Hp at 6500 rpm. In compari-
son, the power increased from approximately 2.0 Hp
at 4000 rpm to a maximum of around 5.3 Hp within
the range of 5200-5400 rpm without AICS (dashed
line), followed by a consistent decline to 3.7 Hp at
6500 rpm.

The most significant difference occurred within the
4800-5200 rpm range, where the power difference
reached approximately 0.7-1.0 Hp (13-18%)

compared to the condition without AICS. This area
(shown in Figure 4) indicated that the implementa-
tion of AICS produced higher intake air density,
thereby improving the power and volumetric effi-
ciency of LPG engine. However, at engine speeds
above 5800 rpm, both systems showed a similar de-
clining trend in power output. Quantitatively, the
area under the curve (representing the total engine
work within a certain rpm range) showed that the
configuration equipped with AICS provided supe-
rior overall performance.

In addition to evaluating the engine power charac-
teristics, the implementation of AICS was assessed
through statistical analysis. The engine power data
obtained before and after the implementation of
AICS were analyzed using IBM SPSS Statistics with
the non-parametric Wilcoxon Signed-Rank Test, as
shown in Appendix 2. The analysis yielded a signif-
icance value (p-value) of 0.025, which was lower
than 0.05. Therefore, the null hypothesis (Ho) was
rejected, while the alternative hypothesis (Hi) was
accepted. Theseresults indicated that the implemen-
tation of AICS had a statistically significant effect
on improving engine power.
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Fig. 5. Increased engine power when the ambient air temperature is hot
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3.3. Characteristics of Torque Produced by LPG
Engines

LPG engine torque variation is shown in Figure 6 as
a function of engine speed (4000—6500 rpm) with
and without AICS. The torque curve of LPG engine
showed a typical internal combustion engine behav-
ior, where torque increased to a peak at medium en-
gine speeds. This was followed by a gradual de-
crease at higher speeds due to limitations in cylinder
filling and combustion dynamics. Under AICS con-
figuration (solid line), the torque increased from ap-
proximately 7.0 Nm at 4000 rpm to a peak of about
8.4-8.5 Nm within the range of 4700—4900 rpm.
Meanwhile, without AICS (dashed line), the maxi-
mum torque reached only approximately 8.1-8.2
Nm within the same speed range. Therefore, an in-
crease in peak torque of approximately 0.3 Nm was
observed, corresponding to a relative improvement
of 3.5-4%.

The most significant difference was observed in the
4500-5000 rpm range, where the torque difference
was in the range of 0.2-0.4 Nm. The range

represented the engine’s optimal operating area,
having a direct impact on acceleration performance
and overall engine efficiency. This phenomenon can
be attributed to the ability of AICS to increase the
volumetric efficiency of air entering LPG engine.
Therefore, the combustion process becomes more
effective and generates higher combustion pressure.
At engine speeds above 5200 rpm, both configura-
tions showed a relatively sharp decline in torque.
However, AICS maintained a relative advantage of
approximately 3—-6% compared to the non-con-
trolled system at 6000 rpm. The smaller difference
suggested a reduced influence of intake-air cooling
due to other limiting factors, such as low combustion
time and increased mechanical losses. From a quan-
titative perspective, the integration of the area under
the torque curve indicated that AICS provided a
higher total work output in the medium operating
range, which represented the dominant condition in
realdriving scenarios. This has positive implications
for energy efficiency and the potential reduction in
fuel consumption.
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Fig. 6. Increased engine torque when the ambient air temperature is hot
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In addition to evaluating the engine torque charac-
teristics, the implementation of AICS was assessed
using statistical analysis. The engine torque data ob-
tained before and after the implementation of AICS
were analyzed usingIBM SPSS Statistics, following
the same statistical procedure applied to the engine
power analysis, as presented in Appendix 3. The
analysis obtained a significance value (p-value) of
0.036, which was lower than the significance level
0f 0.05. Therefore, the null hypothesis (Ho) was re-
jected, while the alternative hypothesis (Hi) was ac-
cepted. These results indicate that the implementa-
tion of AICS has a statistically significant effect on
improving engine torque.

3.4. AFR Dynamics, LPG Flow and Air Flow

The change in AFR of LPG engine shows the dy-
namics of the air-fuel mixture ratio against time dur-
ing the test interval of 0—100 seconds tested at high
speed, as shown in Figure 7. At the initial stage of

approximately 14.5. However, when the engine op-
erates at higher speed, AFR decreases slightly, rang-
ing from approximately 14.1 to 14.3, with an aver-
age value close to 14.2. The maximum deviation was
+0.1-0.15, indicating a high level of stability in the
air—fuel mixture. These fluctuations showeda quasi-
periodic behavior, associated with the fuel control
system’s dynamic response to minor variations in
engine load or thermal conditions.

From a combustion performance perspective, AFR
around 14.2 suggested operation under slightly
richer-than-stoichiometric conditions for LPG com-
bustion. This condition is typically used to enhance
combustion stability, prevent knocking, and im-
prove power output, particularly under medium-to-
high load operation. However, the observed small
deviations indicate thatthe control system is capable
of maintaining a balance between power demand
and fuel efficiency without introducing significant
fluctuations that can degrade engine performance.

operation at lower engine speed, AFR is
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Fig. 7. Changes to the AFR of the LPG engine
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The flow changes in LPG engine are represented in
Figure 8, showing the characteristics of LPG flow
versus time at low to high engine speeds. In the ini-
tial testing phase, when the engine was at a low
speed of 1000rpm, LPG flow was approximately 3.0
g/s.s. This value remained relatively stable until ap-
proximately the 8th second, before a significant in-
crease occurred as the engine speed was raised to-
ward 6000 rpm. The increase in engine speed led to
a higher combustion energy demand, causing a cor-
responding rapid rise in LPG fuel supply. Following
the speed transition, LPG mass flow rate increased
sharply from approximately 3.0 g/s to 5.0 g/s within
arelatively short time span of 10-20 s. The rapid re-
sponse indicated that the fuel supply system is capa-
ble of quickly adapting to changes in engine load
conditions. Quantitatively, this represented an in-
crease of approximately 66—70% compared to the
initial condition. The phenomenon indicated a
strong positive correlation between engine speed
and LPG fuel consumption. Under steady-state con-
ditions after the 20th second, LPG flow rate

Flow of LPG (g/s)
'
(%]
1

(The engine is running at 1000 rpm)

(The engine is running at 6000 rpm)

/ b2

stabilized at approximately 5.0-5.1 g/s, with rela-
tively small fluctuations. The minor variations are
attributed to combustion dynamics, fluctuations in
LPG supply pressure, and the fuel regulator’s re-
sponse to small variations in engine operating con-
ditions. However, the low amplitude of the fluctua-
tions shows that the fuel system maintains good op-
erational stability at high engine speed.

The air flow dynamics in the intercooler over the ve-
hicle test time are presented in Figure 9. In the initial
stage of the experiment, when the engine operates at
approximately 1000 rpm, the air mass flow rate
ranges between 43—48 g/s. This value indicates that
the air requirement for combustion at low engine
speed remains relatively small, as the intake air vol-
ume follows the low intake stroke frequency of the
engine. After the engine speed rose to 6000 rpm, the
air flow rate increased significantly within a short
period. The air mass flow rate increased signifi-
cantly to 71-73 g/s within a time interval of 1020
s. Quantitatively, this represented an increase of ap-
proximately 50% compared to the initial condition.

T . T
20 40

T T T : 1
60 80 100

Time (S)

High speed

Low speed
Figure 8. LPG flow dynamics
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The increase indicated that higher engine speeds re-
quire a greater amountof combustionair to maintain
an optimal AFR during the combustion process. The
rapid rise during the transition phase suggested that
the intake system showed good dynamic responsive-
nessto changes in engine load. The airintake system
was capable of rapidly increasing airflow as the
throttle valve opening and engine speed increased.
This behavior played an important role in maintain-
ing combustion stability, particularly at high-speed
operation where a larger oxygen supply is required.
Under steady-state conditions after the 20th second,
the air flow rate stabilized at approximately 71-73
g/s with slight fluctuationsin the test. The variation
was influenced by flow turbulence in the intake
manifold, changes in intake air pressure, and com-
bustion dynamics within the cylinder. However, the
low amplitude of these fluctuations indicated that

the air supply system maintained good operational
stability under high engine speed conditions.
Changes in the Standard Deviation (SD) and Margin
Of Error (MoE) values calculated using Equations
(7) and (8) for the LPG engine's AFR, LPG flow dy-
namics, and air flow dynamics—arepresented in Ta-
ble 3.

Table 3. Changesin the LPG engine AFR, LPG flow
dynamics, and air flow dynamics

No. Description Average SD MoE

. ARRoftheLPGen- )19 (08 00001
gine

2. LPG flow dynamics 5,14 0,071 0,0001
3. Air flow dynamics 72,83 0,912 0,0017

80 ~
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&
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Fig. 9. Air flow dynamics
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3.5. Dynamics of Air Temperature Entering the
Engine

The changes in air entering LPG engine are shown
in Figure 10, as indicated by a continuous blue line,
while the air exiting is represented by a red dashed
line. The intake air dynamics in LPG engine were
categorized into three operating conditions. In the
first condition, the engine operated at a low speed of
approximately 1000 rpm, and the air entering the in-
tercooler was heated using a heater. During this
phase, the inlet air temperature was approximately
28°C at the st second and increased to about 40°C
by the 9th second. In the second condition, the en-
gine operated at a high speed of approximately 6000
rpm starting at the 91st second. At the 100th second,
the inlet air temperature decreased to approximately
31°C. Meanwhile, the air exiting the intercooler was
approximately 28°C at the 1st second, which was
identical to the inlet air temperature. At the 9th sec-
ond, the outlet air temperature increased to 36°C,
and by the 100th second it decreased again to ap-
proximately 28°C.

Under the third condition, AICS started operating
when the ambient air temperature exceeded 30°C to

AICS begins operations

Temperature of Environmental Air

Air entering the intercooler

= =Air leaving thelintercooler

cool the intake air supplied to LPG engine. The cool-
ing performance was indicated by the temperature
difference between the inlet and outlet air of the in-
tercooler. Atthe 9th second, the inletair temperature
was approximately 40°C, while the outlet had 36°C,
causinga temperature difference (AT) of 4°C. Atthe
100th second, the inlet air temperature was 31°C,
while the outlet air had 28°C, corresponding to a AT
of 3°C. These results indicated that AICS could re-
duce the intake air temperature by approximately 3—
4°C.However, the coolingperformancedecreases at
high engine speeds due to three main factors. First,
engine operation at high speed generated significant
heat, which was conducted toward the intercooler
and affected its cooling effectiveness. Second, the
intercooler was installed extremely close to the en-
gine, increasing heat transfer from the engine to the
intercooler. Third, the intercooler was connected to
the engine using metal piping. The conduction phe-
nomenon through both the installation proximity
and metal piping significantly affected intercooler
performance and reduced cooling capability under
high-speed operating conditions.

33 4
_ L
The engine is running at 1000 rpm) =~
30 4 g
/ / (The eng?s running at 6000 rpm) =
Ar4
27 — I T T T T T T
20 40 Time (S) 60 80 100
High speed
Low speed

Fig. 10. Changes in the air entering the LPG engine
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3.6. LPG Temperature Changes in the Inter-
cooler

The dynamics of LPG entering the engine are pre-
sented in Figure 11 and are categorized into three
operatingconditions. LPG enteringthe intercooleris
indicated by ared dashed line, while LPG exitingthe
intercooler is represented by a continuous blue line.
In the first condition, the engine operated at a low
speed of approximately 1000 rpm. LPG temperature
reached the lowest value of 18°C, followed by a
gradual increase to approximately 19°C. This in-
crease indicated the initial response of the system as
LPG flow started interacting thermally with the sur-
rounding environment and intercooler components.
At this stage, the temperature difference between in-
let and outlet remained relatively small (<1°C), in-
dicating that heat transfer had not significantly de-
veloped.

In the second condition, AICS started operating,
leadingto a more stable and directed temperature in-
crease. At approximately 10 s, LPG inlet

temperature increased to 18.6°C, while the outlet
value reached 18.9°C. This variation suggested that
the process was dominated by convective heat trans-
fer, where thermal energy was transferred from the
surroundingair to LPG through heatexchanger wall.
In the third condition, the engine operated at a high
speed of approximately 6000 rpm, and the tempera-
ture increase became more gradual but consistent.
LPG inlet temperature increased to approximately
22.8°C, while the outlet value reached 23.7°C at the
end of the test(t ~ 100 s). The temperature difference
between inlet and outlet (AT) remained relatively
stable in the range of 0.5—1°C throughout this con-
dition. Quantitatively, the total increase in LPG tem-
perature was approximately 4—5°C from the initial
to the final condition. The increase indicated that
LPG acted as an effective heat-absorbing medium
within the intercooler. This suggested that thermal
energy from the air was successfully transferred to
LPG, contributing to the reduction in air tempera-
ture, as presented in Figure 11.
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Fig. 11. Changes in the temperature of LPG entering the LPG engine
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3.7. Air Heat Transfer with AICS

The characteristics of heat transfer in air, calculated
using Equation (6), are presented in Figure 12.
Based on observation, the air heat transfer character-
istics showed significant variations with engine op-
erating time and speed conditions. In the initial
phase of the experiment, when AICS started operat-
ing, the air heat transfer rate increased rapidly from
near 0 W to 4.8 W. This increase indicated that the
activation process of the cooling system influenced
by AICS caused a rise in intensity of air flow and
temperature changes through the intercooler. The
condition indicated a significant increase in heat
transfer, which was strongly influenced by the en-
gine speed and the operation of AICS.

After the system was fully activated, the air heat
transfer continued to increase gradually and reached
a maximum value of approximately 5.5-5.6 W
within the time interval of 25-35 s. This phenome-

(The engine is running at 6000 rpm)

(approximately 1000 rpm), the system maintained
relatively high heat transfer effectiveness. The sta-
bility of heat transfer value during this period indi-
cated that the temperature difference between heat
medium and the air remained sufficiently large to
maintain the driving force for thermal transfer.

As the operation time and engine speed increased to-
ward 6000 rpm, the air heat transfer rate gradually
decreased. This condition occurred because the in-
tercooler was installed directly above the engine, al-
lowing heat propagation from the engine to the in-
tercooler, which affected the air heat transfer perfor-
mance. In the 40—70 s interval, heat transfer rate de-
creased from approximately 5 W to 2.5 W. How-
ever, during the 10—40 s interval, heat transfer rate
remained in an optimal condition for heat removal
from the intercooler, as LPG self-refrigeration pro-
cess controlled by AICS was able to effectively cool
the incoming air to the engine.
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3.8. Heat Transfer Changes with AICS

Heat transfer dynamics of LPG in the intercooler
calculated based on Equation (4) are presented in
Figure 13. Based on this graph, heat transfer charac-
teristics of LPG showed a significant change after
IHCS started operation. In the initial phase of the ex-
periment, before 10 s, LPG heat transfer rate re-
mained close to 0 W. This condition indicated that
heat exchange between LPG and the thermal me-
dium remained suboptimal because the system was
close to effective operating conditions. At this stage,
both the temperature and mass flow rate of LPG
were still relatively low, leading to limited thermal
energy that could be absorbed by LPG. When AICS
became active at approximately 10—12 s, a sharp in-
crease in heat transfer occurred, rising from 0 W to
more than 125 W. This significantincrease indicated
a significant enhancement in evaporation intensity
and heat absorption by LPG due to the large temper-
ature difference between heat source and LPG fluid.
The phenomenon showed that LPG has a very high
capacity for heat absorption during both phase
change and sensible heating processes.

80

Afterreachingoperating conditions, LPG heattrans-
fer rate remained relatively stable in the range of
123—128 W until the end of the experiment at 100 s.
This stability indicated that heat transfer system
reached a quasi-steady-state condition, where the
thermal energy absorbed by LPG remained approx-
imately constant. Minor fluctuations in the curve
suggest variations in LPG mass flow rate, transient
temperature changes, and engine combustion dy-
namics during the transition from 1000 rpm to 6000
rpm. However, the relatively small amplitude of
these fluctuations indicated good thermal stability of
the system.

Compared with air-side heat transfer, LPG heat
transfer rate showed a significantly higher value,
reaching 125 W, while the air heat transfer rate was
only in the range of 5—6 W. This difference indicated
that LPG acted as the dominant heat-absorbing me-
dium in the system used to cool the intake air. The
high heat transfer capacity of LPG was strongly in-
fluenced by thermophysical properties, particularly
the large latent heat of vaporization, which enabled
absorption of a substantial amount of thermal energy
during phase change processes.
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Fig. 13. Heat transfer characteristics of LPG
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Changes in the Standard Deviation (SD) and Margin
Of Error (MoE) values calculated using Equations
(7) and (8) for temperature differential of the air en-
tering the engine, temperature differential of the
LPG entering the engine, air heat transfer and Heat
transfer of LPG are presented in Table 4.

Table 4. Changes in the temperature differential of
the air enteringthe engine, temperature dif-
ferential of the LPG enteringthe engine, air
heat transfer and Heat transfer of LPG.

No. Description Average SD MoE
Temperature differ-

1. ential of the air en- 3,55 1,67 0,0031
tering the engine
Temperature differ-

2 ential of the LPG 0,55 0,35 0,0006
entering the engine

3. Air heat transfer 3,43 1,61  0,0029

4. Heat transfer of 2295 172 00031

LPG

4. Discussion

The design of AICS for LPG-fueled engines was
evaluated based on five main parameters, namely
exhaust emissions, engine power, engine torque, air
heat transfer, and LPG heat transfer. The evaluation
results showed that the developed system was capa-
ble of improving engine performance while simulta-
neously supporting environmental sustainability.
The initial evaluation focused on exhaust emission
characteristics, with experimental results showing
that AICS significantly reduced emissions from
LPG-fueled engines, improving their environmental
performance. A substantial reduction was observed
in HC and CO emissions, both of which are harmful
pollutants to the environment. This reduction oc-
curred because the cooled intake air lowered the
combustion chamber temperature, leading to a more
controlled combustion process. The lower combus-
tion temperature contributed to the reduction of haz-
ardous exhaust gases.

The second evaluation examined changes in engine
power. Based on dynotest measurements, AICS was
proven to enhance the power output of LPG engine
under high ambient temperature conditions. The en-
gine power increased by approximately 0.7-1.0 HP,
equivalentto 13—18%, within the engine speed range
of 4800-5200 rpm. Under high ambient tempera-
tures, air molecules become more dispersed, reduc-
ing air density and consequently decreasing the

volumetric efficiency of the engine. A reduction in
engine volumetric efficiency negatively impacts
suboptimal combustion quality and decreases engine
power. AICS cools the incoming air through LPG
phase-change self-refrigeration effect, thereby in-
creasing engine power under hot ambient condi-
tions.

The third evaluation investigated engine torque
characteristics. The results showed that AICS was
capable of optimally increasing engine torque within
the engine speed range of 4000—-5000 rpm, with a
rise of approximately 0.2-0.4 Nm. This engine
speed range represents the optimal operating condi-
tion of the engine. Therefore, the torque improve-
ment has direct implications for engine performance
and operational efficiency. The increase in torque
and power of LPG engine occurs due to the cooling
of the incoming air, specifically in hot ambient tem-
perature conditions. These results are consistent
with previous studies indicating that engine perfor-
mance is strongly influenced by volumetric effi-
ciency (Hofmann, 2017). Consequently, AICS was
proven to minimize the loss of engine power and
torque during operation in hot environmental condi-
tions.

The fourth evaluation analyzed heat transfer of in-
take air in the intercooler system. The results
showed that AICS increased the airheattransferrate
optimally within the time interval of 25-35 s, reach-
ing values of approximately 5.5-5.6 Watts. The op-
timal condition was achieved due to the self-refrig-
eration effect of LPG controlled by AICS. After this
period, heat transfer rate gradually decreased be-
cause the intercooler was installed extremely close
to the engine block, resulting in heat conduction
from the engine to the intercooler. This heat propa-
gation reduced the cooling effectiveness of the in-
take air. Therefore, future system development
should consider repositioning the intercooler farther
away from the engine block to minimize conductive
heat transfer effects.

The fifth evaluation focused on LPG heat transfer in
the intercooler. The results showed that AICS pro-
duced arelatively stable LPG heat transferrate in the
range of 123—128 Watts until the end of the 100-sec-
ond testing period. This stability indicated that heat
transfer system had reached a near steady-state ther-
mal condition, allowing the intake air cooling pro-
cess to operate consistently. The high heat transfer
capacity of LPG effectively cooled the air passing
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through the intercooler. However, the cooling pro-
cess was only effective under high ambient temper-
ature conditions. When applied in cold environmen-
tal conditions, excessive cooling could negatively
affect the mixing process between LPG and air,
thereby reducing combustion quality. Therefore,
AICS was designed to regulate the cooling process,
activatingonly under high ambient temperatures and
automatically deactivating under low-temperature
conditions.

The results regarding the use of LPG/propane mix-
ture as a cooling medium through the self-refrigera-
tion effect phenomenon are supported by Setiyo et
al., (2017a); Shady, Ahmed, and Sleiti, (2024);
Setiyo et al., (2017b), which showed the strong po-
tential for the development of alternative cooling
systems. Waluyo et al., (2022) used the cooling ef-
fectdue to LPG evaporation applied to the vehicle
cabin cooling system. In comparison, this study
showed that the self-refrigeration effect of LPG di-
rectly affected engine performance, as evidenced by
reduced emissions and increased engine power and
torque. The results confirmed that the developed
AICS technology improved the performance of
LPG-fueled engines, thereby contributing to the ad-
vancement of more environmentally friendly auto-
motive technologies.

4.1. Conclusion

In conclusion, this study shows that the proposed
AICS design effectively addresses the performance
issues encountered in LPG-fueled engines, particu-
larly the power loss that occurs under high ambient
temperature conditions. The system was evaluated
based on five key aspects: engine power, engine
torque, air heattransfer, exhaust emissions, and LPG
heat transfer. The AICS operates effectively by uti-
lizing the self-cooling effect of LPG, boosting en-
gine power by approximately 0.7—1.0 hp (13-18%)
within the 4800-5200rpmrange. Additionally, itin-
creases torque by about 0.2—-0.4 Nm between 4000
and 5000 rpm, especially during high ambient tem-
perature operations. The AICS also contributes to re-
duced exhaust emissions, as observed during idle
speed testing; the mechanism lowers HC and CO
emissions by coolingthe intake air, thereby reducing
in-cylinder temperatures and suppressing the for-
mation of harmful exhaust gases.

From a thermal perspective, AICS enhances air-side
heat transfer in the intercooler, reaching an optimal
value of approximately 5.5-5.6 W within the 25-35
s interval, while maintaining stable LPG heat trans-
ferin the range of 20—26 W until the end of the ex-
periment. This thermal stability indicates that the
system has achieved an effective operating condition
for cooling the intake air. The reduction in intake air
temperature also shifts the air-fuel mixture closer to
stoichiometry (with the AFR rising from 14.75 to
14.85) and increases exhaust oxygen levels from
4.5% to 6.3%. However, the cooling effectiveness is
influencedby the intercooler proximity to the engine
block, which allows heat propagation from the en-
gine and reduces the overall cooling performance.
Therefore, further development is required in terms
of intercooler design and placement to achieve more
optimal system performance.
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Nomenclature:

&i)(li;ip:)rie - LPG mixture in the output line
g:sbgt);?:;?e - LPG mixture in the input line

AFR - Air-LPG Mixture

my,, - Flow ofair (g/s)

Mmypg - Flow of LPG (g/s)

my - Initial LPG mass

m, - LPG mass at the end of the period (S)
qipe - Heat transfer of LPG (Watt)

Ah - LPG enthalpy difference

Gair - Heat transfer of air (Watt)

CP,;, - Specific heat capacity of air (J.kg-1.C-1)
ATy - Difference in air temperature in units (°C)
SD - Standard Deviation

MoE - Margin of Error

VA - Confidence level

n - The number of data points or samples
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Appendix 1: Script Programming
#include <DHT.h>

#include <Wire.h>

#include <LiquidCrystal 12C.h>

#define DHTPIN A0 /I A0 digital pin 14
#define DHTTYPE DHT11

DHT dht(DHTPIN, DHTTYPE);

// Addres 12C LCD (0x27 / 0x3F / 0x22 request from module )
LiquidCrystal 12C lcd(0x22, 16, 2);

int relayPinl =2; // Main Solenoid 1
int relayPin2 = 3; // Main Solenoid 2
int relayPin3 =4; // Bypass Solenoid 1
int relayPind =5; // Bypass Solenoid 2

float temperature = 0;
float humidity = 0;

void setup() {
pinMode(relayPin1, OUTPUT);
pinMode(relayPin2, OUTPUT);
pinMode(relayPin3, OUTPUT);
pinMode(relayPin4, OUTPUT);

Serial.begin(9600);
dht.begin();

// Inisialisasi LCD
lcd.init();
lcd.backlight();
Icd.clear();
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led.setCursor(0, 0);
Ied.print("DHT11 Sensor");
delay(2000);
Icd.clear();

}

void loop() {
temperature = dht.read Temperature();
humidity = dht.readHumidity();

if (isnan(temperature) || isnan(humidity)) {
Ied.clear();
Ied.setCursor(0, 0);
Ied.print("Error Sensor!");
Serial.println("Error reading temperature/humidity ");
delay(2000);
return;

}

// Convert temperature to an integer for binary representation
int temperatureInt = (int)temperature;

// --- Serial Monitor ---

Serial.print("Temperature : ");
Serial.print(temperature, 2); // 2 decimal numeric
Serial.print((char)223);

Serial.print("C | Biner: ");
Serial.println(temperaturelnt, BIN);

Serial.print("Humidity: ");
Serial.print(humidity, 2);
Serial.println("%");

// --- Show in LCD ---
Icd.clear();

// Format temperature as string with 2 decimals
char buffer[8];
dtostrf(temperature, 5, 2, buffer); // (value, widh, decimal, buffer)

lcd.setCursor(0, 0);

led.print("S:");

Icd.print(buffer);

led.write(223); // symbol of Degree
led.print("C "),

led.print("B:");
led.print(temperaturelnt, BIN); // show biner

Ied.setCursor(0, 1);
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led.print("H:");

led.print(humidity, 2); // show 2 desimal numeric
led.print("%");

/I --- Logic of relay ---

if (temperature > 30) {
digitalWrite(relayPin1, HIGH);
digitalWrite(relayPin2, HIGH);
digitalWrite(relayPin3, LOW);
digital Write(relayPin4, LOW);

¥

else if (temperature >= 20 && temperature <= 30) {
digitalWrite(relayPin1, LOW);
digitalWrite(relayPin2, HIGH);
digitalWrite(relayPin3, HIGH);
digitalWrite(relayPin4, LOW);

5

else if (temperature > 0 && temperature <=20) {
digitalWrite(relayPin1, LOW);
digitalWrite(relayPin2, LOW);
digitalWrite(relayPin3, HIGH);
digital Write(relayPin4, HIGH);

¥

delay(2000);
}

Appendix 2: Engine Power Test Results Analyzed Statistically using Software SPSS

Wilcoxon Signed Ranks Test

Ranks
Sum of
M Mean Rank Ranks
Engine power without Negative Ranks 42 21.75 87.00
::gg - Enging powerwith g, gitive Ranks 22° 12.00 264.00
Ties o®
Total 26

a. Engine power without AICS = Engine power with AICS
b. Engine power without AICS = Engine power with AICS
¢. Engine power without AICS = Engine power with AICS

Test Statistics™

Engine power
without AICS -
Engine power
with AICS
z 22480
Asymp. Sig. (2-tailed) 025

a. Wilcoxon Signed Ranks Test

b. Based on negative ranks.
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Appendix 3: Engine Torque Test Results Analyzed Statistically using Software SPSS
Wilcoxon Signed Ranks Test

Ranks
Sum of
M Mean Rank Ranks
Engine torgue without Megative Ranks 212 11.43 240.00
AICS - Engine torque with b citive Ranks 4t 2125 86.00
AlCS
Ties 1°
Total 26

a. Engine torque without AICS = Engine torque with AICS
h. Engine torque withaut AICS = Engine torque with AICS
¢. Engine torgque without AICS = Engine torgue with AICS

Test Statistics®

Engine torque
without AICS -
Engine torque
with AICS
z -2.097°
Asymp. Sig. (2-tailed) 038

a. Wilcoxon Signed Ranks Test
h. Based on positive ranks.
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