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Abstract: Industrial dehumidification plays a pivotal role in spice processing industries, where precise mois-
ture control directly influences product quality, shelf life, and processing efficiency. However, in many in-
dustrial facilities, these systems are operated manually or using basic on-off control methods. Such practices
often result in unstable operating conditions, frequent compressor switching, increased energy consump-
tion, and reduced equipment lifespan. This study addresses the lack of affordable, hardware-level automa-
tion for multi-evaporator systems by presenting the design and implementation of a dedicated embedded
control architecture. The proposed objective was to develop a dual-microcontroller system where a primary
controller manages real-time decision-making based on temperature and relative humidity, while a second-
ary controller is strictly dedicated to safety and time-delay protection. The system was implemented and
tested in an industrial spice processing facility. Key findings demonstrate that the autonomous mode re-
duced outlet air temperature variation to +1 — 2 °C and relative humidity fluctuation to +4 — 5%, compared
to significantly higher variations in manual operation. Furthermore, the system reduced operator interven-
tions from 1-2 per shift to 0-1 and minimized compressor cycling frequency. Beyond operational efficiency,
the stabilization of the drying environment directly contributes to the preservation of critical quality param-
eters, such as volatile oil retention and color uniformity, which are frequently compromised under manual
control regimes. These results imply that low-cost embedded automation can significantly enhance opera-
tional stability and safety in agro-industrial processing without requiring expensive infrastructure up-
grades.
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controller.
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1. Introduction

Industrial dehumidification is a fundamental unit op-
eration in the agro-food processing sector, particularly for
hygroscopic commodities such as spices, where precise
moisture control is essential for preventing microbial
growth and preserving volatile oil content [1]. These sys-
tems, often characterized by multi-evaporator vapor com-
pression cycles, exhibit complex thermodynamic behav-
iors involving coupled heat and mass transfer processes
[2]. Unlike simple residential air conditioning, industrial
drying requires the maintenance of specific psychrometric
conditions —defined by temperature and relative humid-
ity (RH)—regardless of external ambient fluctuations [3].

The stability of these parameters is directly linked to prod-
uct quality, energy efficiency, and equipment longevity
[4]. Historically, drying technology has evolved from
open-sun drying to advanced heat pump-assisted sys-
tems, with foundational work establishing the energy ben-
efits of closed-loop dehumidification. Comprehensive
treatments of these thermal systems can be found in recent
literature, where the non-linear dynamics of condenser
and evaporator loads are examined [5], [6]. However, en-
suring stable and predictable operation in these systems
remains challenging due to significant thermal inertia,
dead-time effects, and load variations inherent in large-
scale drying chambers [7]. Consequently, the control strat-
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egy employed plays a decisive role in the operational suc-
cess and reliability of industrial dehumidification facili-
ties.

Despite theoretical advancements in process control,
the practical management of dehumidification systems in
Small and Medium-sized Enterprises (SMEs) presents sig-
nificant techno-economic challenges. Feedback regulation
in these facilities is frequently handled through manual
operator intervention or rudimentary mechanical thermo-
stats [8]-[10], which fail to account for the dynamic cou-
pling between temperature and relative humidity [11].
Although advanced control strategies such as Model Pre-
dictive Control (MPC), fuzzy logic, and optimized PID
schemes have been extensively investigated in academic
studies [12], their industrial deployment often requires ex-
pensive Programmable Logic Controllers (PLCs) or com-
plex computational infrastructure that is cost-prohibitive
for many agro-industrial applications [13]. In response, re-
cent research has increasingly explored Internet of Things
(IoT) and microcontroller-based control solutions as
lower-cost alternatives [14]. However, many of these ap-
proaches remain limited to simulation environments or
lack robust hardware-level safety mechanisms suitable for
continuous industrial operation [15].

A particularly critical limitation in existing low-cost
embedded control implementations is the inadequate han-
dling of compressor protection. Rapid switching of com-
pressors, commonly referred to as short-cycling, can occur
due to sensor noise, tight control thresholds, or improper
hysteresis design [16], leading to increased mechanical
wear, electrical stress, and premature equipment failure
[17]. Recent advances in embedded computing have im-
proved the potential for low-cost automation; however,
their application to multi-evaporator industrial dehumid-
ification systems remains fragmented, with limited em-
phasis on coordinated control and hardware-level safety.
Applications in spice processing further highlight the need
for a unified control framework that simultaneously satis-
fies stringent drying requirements while protecting high-
power components such as induction motors and com-
pressors [18]. Therefore, the objective of this study is to de-
sign, implement, and validate a low-cost embedded con-
trol architecture that ensures stable environmental regula-
tion and compressor-safe operation in multi-evaporator
industrial dehumidification systems used in spice pro-
cessing facilities [19].

The main contribution of this paper lies in bridging
the gap between theoretical control logic and robust indus-
trial implementation using a cost-effective embedded ar-
chitecture. Specifically, we propose:

¢ A novel dual-microcontroller architecture that de-

couples the primary environmental control logic
from the critical safety protection mechanisms,
overcoming the reliability limitations of single-
processor systems.

e A specialized time-delay safety algorithm de-
signed to eliminate compressor short-cycling,
thereby extending equipment lifespan.

e A systematic field implementation that transforms
a manual multi-evaporator system into an auton-
omous unit, validated through real-world testing
in a spice processing facility.

This paper is organized as follows. Section 2 details
the methodology, including the system overview, embed-
ded hardware architecture, and control logic design. Sec-
tion 3 presents the results and discussion, focusing on op-
erational performance, stability, and energy efficiency un-
der industrial conditions. Finally, Section 4 concludes the
paper with a summary of key findings and directions for
future research.

2. Methodology

This study adopts an applied engineering research
methodology to develop, implement, and validate a low-
cost embedded control architecture for a multi-evaporator
industrial dehumidification system [20]. The research was
conducted as a single-case industrial study in a spice pro-
cessing facility under normal operating conditions, em-
phasizing practical implementation and operational relia-
bility [21]. The research followed a structured workflow,
as shown in Figure 1, involving problem identification,
system and control architecture development, hardware
integration, and industrial testing. System performance
was evaluated by comparing operational stability, com-
pressor switching behavior, and operator intervention un-
der manual and automatic operating modes.

2.1. System Overview

The physical configuration of the industrial dehu-
midification chamber and the spatial arrangement of its
main components are illustrated in Figure 2. The figure
shows the cascade placement of multiple evaporators, con-
densers, airflow direction, centrifugal blower, and the lo-
cations of temperature and relative humidity sensors
within the chamber. This configuration highlights the in-
teraction between heat rejection, moisture removal, and
air circulation, which directly influences the stability of
outlet air conditions. Understanding this layout is essen-
tial for designing an effective control strategy, as improper
coordination of evaporators and airflow can lead to une-
ven dehumidification and inefficient energy usage [22],
[23].

The mechanical structure and airflow layout of the
system were already established before this study. There-
fore, the primary objective of this work was to design and
implement an improved control and automation layer
without modifying the existing mechanical components.
This approach ensures that the proposed solution can be
applied to similar industrial systems without major me-
chanical redesign.
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Problem Identification and Literature Analysis

=

Selection of Industrial Dehumidification Facility

=

Development of Research Methodology and Control
Architecture

¢

Hardware Integration and System Implementation

=

Industrial Testing and Data Collection

-

Analysis and Evaluation of Results

Figure 1. Research workflow of the proposed embedded control
architecture.
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Figure 2. Schematic layout of the industrial dehumidification
chamber showing the arrangement of evaporators, condensers,
airflow direction, blower, and sensor placement.

2.2. Embedded Hardware Architecture

The embedded control system developed in this
study is based on a dual-microcontroller architecture de-
signed to separate real-time environmental control from

critical equipment protection tasks. The overall hardware
configuration and interconnections among microcontrol-
lers, sensors, user input interfaces, display units, and re-
lay-based actuators are illustrated in Figure 3. This archi-
tecture was selected to enhance operational reliability and
ensure safe control of high-power industrial components
in a multi-evaporator dehumidification system.

An Arduino Mega microcontroller is employed as the
primary controller due to its high number of inputs—out-
put pins and sufficient processing capability to handle
multiple sensors and actuators simultaneously. The pri-
mary controller is responsible for acquiring temperature
and relative humidity data, comparing measured values
against user-defined threshold settings, and generating
control signals for evaporators, condensers, and the
blower. This centralized decision-making approach ena-
bles coordinated operation of system components under
varying operating conditions.

A secondary microcontroller, Arduino Nano, is dedi-
cated exclusively to implementing time-delay protection
for compressors and condensers. The secondary controller
monitors the control signals issued by the primary control-
ler and enforces predefined delay intervals before allow-
ing compressor restart after shutdown. By isolating pro-
tection functions from the main control logic, this design
prevents rapid compressor cycling caused by sensor noise,
or frequent operator adjustments.

Temperature measurements are obtained using
DS18B20 digital temperature sensors installed at multiple
locations within the dehumidification chamber to capture
spatial temperature variations. Relative humidity meas-
urements are provided by DHT11 sensors positioned near
the outlet air stream, enabling continuous monitoring of
dehumidification performance. These sensor inputs pro-
vide the feedback required for stable regulation of envi-
ronmental conditions inside the chamber [24]-[26].

To interface the low-voltage microcontroller outputs
with high-voltage industrial equipment, solid-state relays
are used in combination with electromechanical contac-
tors. This configuration ensures electrical isolation be-
tween control and power circuits while providing reliable
switching of compressors, evaporators, and the blower.
The use of relay-based isolation improves operational
safety and supports continuous industrial operation [27].

Overall, the proposed embedded hardware architec-
ture provides a modular and scalable platform for indus-
trial dehumidification control. By decoupling environ-
mental regulation and safety protection at the hardware
level, the system improves stability, equipment protection,
and maintainability while remaining cost-effective for
agro-industrial applications.

2.3. Control Logic Design
The control logic is designed to maintain stable outlet
air temperature and relative humidity conditions within

Scientific Journal of Engineering Research 2026, 2, 1

https://journal.futuristech.co.id/index.php/sjer



Chathumal and Amaratunga, Embedded Control Architecture for Multi-Evaporator Industrial Dehumidification Systems

134

LCD2004+12C
GND
ve LaDR004
SDA
SCL with |1 2C converter
LCD1602+12C
2889
NN
Reset Button i Set Button
.J_IJ_. ‘SWZ:,
!
..z_il_v_ 2 ?/ 1
c1
30 RESET (AD7)PAT | 1
33 (ADB)PAG -T2+
= XTAL2 (AD5)PAS 74"
34 o 15~
<34 xTALt (AD3)PA3 [-12+
98 (D22 (77
VOD “365| AREF (AD1)PAT [
oa ~al AVCC (ADO)PAO -8«
ey 21 AGND 28 1300
off (OCOA/OC1CIPCINT7)PBY |22+ voo,
DS18820 10 (OC1BIPCINTE)PBE 52« 3o
3 vee (OC1A/PCINTS)PBS |-22« N
T vee (OC2A/PCINT4)PB4 1-23
VGE2 (MISO/PCINT3)PB3 |22+ AT
vo -89 fvees (MOSUPCINT2)PB2 51«
GND SCKIPCINT1)PB1 |23+
GND g GND1 L(SSIPCINTO)PSO (19,
5518820 81| SNO2 60 oo
811 Gnos (A15)PCT |20 DATA
(A14)PC6 (23 3 ne
ARt
Voo (A11)PC3 138 DHITS
ba (A10)PC2 |23+
GND (A9IPC1 |23~
DS1B;;0 Pe
)
0C5C) (To)PO7 |33« oo,
(OC5B) (T1)PD6 28" ! NC
~32-{ PL3(OCS5A) (XCK1)PDS |42+ N
~3 PL2(TS) (ICP1)PD4 f7Te
VoD ~32-{ PL1(ICP5) (TXD1/INT3)PD3 |4+ BATIT
DQ -5 pLo(iCPa) (RXD1/INT2)PD2 |52
GND ¢ 02 (SDAVINT1)PD1 5
e U PK7(ADC15/PCINT23) (SCL/INT0)PDO
PK6(ADC14/PCINT22) .
54| PKS(ADC13/PCINT21) (CLKO/ICP3/INT7)PE7 | o o0
52| PKA(ADC12/PCINT20) (T3/INTB)PES [-o— 202,
=22 PK3(ADC11/PCINT19) (OC3C/INTS)PES 3 oA
VOO 85 PK2(ADC10/PCINT18) OC3B/INT4)PE4 4l Ne
0a 59| PK1(ADC9IPCINT17) OC3A/AINT)PE3 o
GND +8% PKO(ADCBIPCINT16) (XCKO/AINO)PE2 (—— DATTT
o T 79 (TXDOPET 5=
DS18620 a7 (RXDO/PCINB)PEOD [-2—
o5 PJB(PCINT15) %
o2 PIS(PCINT14) (ADCTITDIPFY |32+
~o| PI4(PCINT13) (ADCE/TDO)PF6 [-37+ 100
oo PU3(PCINT12) (ADCSITMS)PF5 |22+ beR
VDD a4 PI2(XCK3/PCINT11) (ADCAITCK)PF4 53+ a0
DQ e PII(TXDIPCINT10) (ADCI)PF3 o2+ N
GND fr +53{ pJo(RXD3/PCINTY) (ADC2)PF2 |92+
(ADC1)PF1 HTT
Us16820 221 pHr(Te) (ADCO)PFO 197
~—15- PH6(0C28B) ;
& PH5(0C4C) 25
1o PH4(OC4B) (TOSC1)PG4 53+
VoD 1o PH3(0C4A) (TOSC2)PG3 5+
DQ 3] PH2(XCK2) ALEJPG2 [0+
GND f7 ~—13-{ PH1(TXD2) JPG1 (22«
D518820 = PHO(RXD2) )PGO =
Arduino_MEGA_2560-Reva (ATMEGA25602560-16AU) Potentiometer
Potentiometer

ARDUINO_NANO

Figure 3. Embedded control system schematic showing microcontroller connections, temperature and humidity sensors, user input
interfaces, display units, and inter-controller communication.
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Figure 4. Control logic truth heatmap showing system responses
for different outlet temperature and relative humidity condi-
tions.

Figure 5. Implemented embedded control panel showing man-
ual/automatic switches, safety controls, display units, and relay-
based actuation modules for the industrial dehumidification sys-
tem.

predefined limits as showed in Figure 4. The primary con-
troller continuously monitors outlet air temperature and
relative humidity using sensor inputs. User-defined
threshold values for maximum allowable temperature and
maximum allowable relative humidity are set using man-
ual input controls.

When the measured outlet temperature exceeds the
temperature threshold, a dedicated heat-rejection evapo-
rator is activated to remove excess heat from the system
(Evaporator 7). When the measured RH exceeds the hu-
midity threshold, multiple evaporators are activated to in-
crease moisture removal. During high-humidity condi-
tions, blower operation is adjusted to prevent the move-
ment of excessively humid air toward the raw material.

This rule-based control logic is simple, transparent,
and easy to modify according to industrial requirements.
It allows operators to adjust control parameters without
complex programming and ensures predictable system be-
havior under different operating conditions.

2.4. Time-Delay Protection Mechanism

Frequent on-off switching of compressors can cause
mechanical wear, overheating, and reduced equipment
lifespan [28], [29]. To address this issue, a time-delay pro-
tection mechanism is implemented using the secondary
microcontroller. When a compressor is turned off, the sec-
ondary controller enforces a predefined delay period be-
fore allowing the compressor to restart.

This protection mechanism ensures that compressors
are given sufficient time to stabilize before reactivation.
The use of a dedicated microcontroller for this function im-
proves system reliability and prevents unintended com-
pressor cycling due to sensor signals.

2.5. Manual and Automatic Operating Modes

The control system supports both manual and auto-
matic operating modes. In automatic mode, all operations
are governed by the embedded control logic based on real-
time sensor data. In manual mode, operators can directly
control individual system components for maintenance,
testing, or emergency situations.

The inclusion of both operating modes enhances sys-
tem flexibility and makes the proposed architecture suita-
ble for industrial environments where operator interven-
tion may occasionally be required.

2.6. System Implementation and Testing

The embedded control system was implemented us-
ing industrial-grade wiring practices and installed inside
a protective control panel. Liquid crystal displays are used
to present real-time temperature and humidity readings,
as well as system status information as shown in Figure 5.
The system was tested under normal industrial operating
conditions to verify functionality, stability, and safety.

3. Results and Discussion

This section presents and discusses the results ob-
tained from the implementation of the proposed embed-
ded control architecture in an industrial dehumidification
environment. The evaluation focuses on system behavior
under real industrial operating conditions rather than con-
trolled laboratory experiments. Both manual and auto-
matic operating modes were analyzed to understand the
practical benefits of the embedded control system during
routine spice processing.

The performance of the system was evaluated using
qualitative and operational criteria commonly used in in-
dustrial practice. These criteria include overall system sta-
bility, frequency of compressor switching, consistency of
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outlet air temperature and relative humidity, and the level
of operator involvement required during operation. Ob-
servations were recorded over multiple normal processing
cycles to reflect actual industrial usage conditions.

The results presented in the following subsections
highlight the effectiveness of the embedded control archi-
tecture in improving operational reliability and reducing
dependency on manual intervention. Where appropriate,
comparisons between manual and automatic operation
are discussed to demonstrate the advantages of the pro-
posed approach.

3.1. System Operational Performance

The embedded control architecture was evaluated
under normal industrial operating conditions in the spice
dehumidification facility. The system was operated con-
tinuously during routine processing cycles, and its behav-
ior was observed under both manual and autonomous op-
erating modes. The evaluation focused on system stability,
compressor switching behavior, energy usage patterns,
and operator dependency.

During manual operation, workers typically allowed
the dehumidification system to run continuously for long
periods without precise control. In many cases, evapora-
tors, condensers, and blowers were left operating even
when the required temperature and relative humidity con-
ditions had already been achieved. This practice resulted
in unnecessary power consumption, as the system contin-
ued to operate beyond actual process requirements.

Under manual operation, compressors were ob-
served to switch on and off approximately 1-2 times per
hour, particularly during fluctuating ambient conditions.
Extended continuous operation of components led to sig-
nificant energy wastage and increased thermal stress on
the system. This uncontrolled operation did not improve
dehumidification efficiency and, in some cases, negatively
affected raw material quality. In contrast, when the system
operated in autonomous mode, component operation
strictly followed the predefined embedded control logic.
Evaporators and blowers were powered on only when re-
quired and switched off immediately once target temper-
ature and relative humidity conditions were reached. Un-
der autonomous operation, compressor switching fre-
quency was approximately 3—4 cycles per hour, indicating
more stable and energy-efficient operation.

The precise power-on and power-off behavior of the
autonomous system significantly reduced unnecessary en-
ergy consumption. More importantly, controlled opera-
tion prevented over-drying and excessive heat exposure of
spice materials [30]. As a result, moisture removal oc-
curred more uniformly, helping to preserve product qual-
ity, aroma, and physical characteristics of the spices.

3.2. Impact on Energy Efficiency and Product Quality
The difference between manual and autonomous op-

eration had a direct impact on energy efficiency and raw
material quality. In manual operation, continuous running
of the system often caused over-processing of spices, lead-
ing to excessive moisture removal and prolonged expo-
sure to conditioned air. This not only increased energy
consumption but also risked deterioration of spice quality.

In autonomous mode, the embedded control system
continuously monitored environmental conditions and
adjusted system operation accordingly. By preventing un-
necessary operation of evaporators and blowers, the sys-
tem minimized power consumption while maintaining re-
quired dehumidification performance. This controlled ap-
proach ensured that spices were exposed to optimal con-
ditions for the required duration only.

Improved control of operating time and environmen-
tal conditions resulted in better consistency of raw mate-
rial quality. Uniform dehumidification reduced the risk of
uneven moisture distribution, clumping, or loss of aroma
in spice products. Therefore, the autonomous embedded
control architecture contributed not only to energy savings
but also to improved processing quality and industrial ef-
ficiency.

3.3. Effectiveness of Time-Delay Protection

One of the most important features of the proposed
control architecture is the time-delay protection mecha-
nism implemented using the secondary microcontroller.
During testing, this mechanism successfully prevented
rapid on—off switching of compressors. In manual opera-
tion, compressors were sometimes restarted immediately
after shutdown, especially when operators attempted to
quickly correct temperature or humidity deviations.

With the time-delay protection active, the system en-
forced a minimum compressor off-time of approximately
3 minutes before allowing restart. This delay significantly
reduced mechanical stress on compressors and minimized
electrical surges associated with frequent starting. The
separation of protection logic from the main control logic
ensured that safety functions remained active even when
control parameters were modified by the operator.

The observed reduction in compressor switching fre-
quency is a key indicator of improved system reliability.
Fewer switching events directly contribute to longer
equipment lifespan, reduced maintenance requirements,
and improved operational safety, which are critical factors
in industrial dehumidification environments.

3.4. Temperature and Humidity

Stability of outlet air temperature and relative humid-
ity is essential for uniform dehumidification of spice ma-
terials. Under manual operation, outlet air temperature ex-
hibited noticeable fluctuations due to delayed operator re-
sponse and inconsistent decision-making. Temperature
variations of approximately +3—4 °C around the desired
operating range were commonly observed. Similarly, out-
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Table 1. Performance comparison between manual and automatic operation.

Parameter

Manual Operation Automatic Operation

Compressor switching frequency (cycles/hour)
Minimum compressor off-time

Outlet air temperature variation (°C)

Outlet relative humidity variation (%)
Operator interventions per shift

1-2 3-4

Not enforced ~3 minutes
+3-4 +1-2

+8 +4-5

1-2 0-1

let relative humidity showed fluctuations of up to +8%,
leading to uneven moisture removal.

In automatic mode, the embedded control system re-
sponded immediately to sensor measurements and ad-
justed evaporator and blower operation accordingly. As a
result, outlet air temperature variation was reduced to ap-
proximately +1-2 °C, while relative humidity fluctuations
were reduced to approximately +4-5% around the target
value. Although minor fluctuations were still present due
to external environmental changes, their magnitude and
frequency were significantly reduced.

The improved stability can be attributed to continu-
ous monitoring and rule-based control logic, which elimi-
nates delays associated with human intervention. These
results demonstrate the advantage of embedded automa-
tion in maintaining consistent operating conditions in in-
dustrial dehumidification systems.

3.5. Comparison of Manual and Automatic Operation

A qualitative comparison between manual and auto-
matic operation modes reveals several practical benefits of
the proposed embedded control system. In manual mode,
system performance was highly dependent on operator
skill and attentiveness. Operators were required to inter-
vene approximately 3—4 times per shift to adjust evapora-
tor or blower operation, resulting in variability in system
performance across different shifts.

In contrast, automatic operation provided consistent
and repeatable system behavior. Once control parameters
were set, the system followed the same decision rules re-
gardless of time or operator. In most cases, automatic op-
eration required zero or one operator intervention per
shift, primarily for routine inspection. This significantly
reduced operator workload and improved overall process
reliability.

3.6. Summary of Performance Comparison

Table 1 summarizes the key performance differences
between manual and automatic operating modes ob-
served during industrial operation.

The results summarized in Table 1 clearly indicate
that the proposed embedded control architecture im-
proves operational stability, reduces mechanical stress on
equipment, and minimizes dependency on manual inter-
vention.

3.7. Reliability and Safety Considerations

Safety is a critical requirement in industrial dehumid-
ification systems due to the presence of high-voltage elec-
trical equipment and rotating machinery. The use of solid-
state relays in combination with contactors provided reli-
able electrical isolation between low-voltage control cir-
cuits and high-voltage industrial loads. This significantly
reduced the risk of electrical hazards and improved over-
all system safety. The dual-microcontroller architecture
further enhanced reliability by separating control and pro-
tection functions. Even if the primary controller experi-
enced abnormal behavior or software modification, the
secondary controller continued to enforce time-delay pro-
tection. This layered safety approach is particularly suita-
ble for industrial environments where system faults can
have serious operational and economic consequences.

3.8. Industrial Applicability and Scalability

The proposed embedded control architecture is de-
signed to be modular and scalable. Additional evapora-
tors, sensors, or control outputs can be integrated with
minimal changes to the existing system. This makes the ar-
chitecture suitable for different sizes of dehumidification
chambers and a wide range of agro-industrial applications
beyond spice processing.

The use of widely available microcontrollers and sen-
sors keeps system cost relatively low, making it accessible
for small- and medium-scale industries. Furthermore, the
architecture provides a strong foundation for future up-
grades, such as integration with supervisory control sys-
tems or data-driven optimization techniques.

4. Conclusion

This study successfully demonstrated the effective-
ness of a dual-microcontroller embedded architecture for
automating multi-evaporator industrial dehumidification
systems. By separating the primary control logic from the
safety protection mechanism, the system achieved robust
operation, reducing compressor switching frequency from
intermittent rapid cycling to a stable 3-4 cycles per hour.
The implementation of the specific time-delay protection
significantly mitigated mechanical stress on the equip-
ment, addressing a critical failure point in manual opera-
tions.
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Field testing in a spice processing facility confirmed mized energy wastage caused by over-processing but also
that the autonomous system outperformed manual con- ensured a higher consistency in the final spice product
trol in stability and efficiency. Outlet air temperature fluc- quality. The system proved that low-cost, modular embed-
tuations were reduced to #1-2 °C and relative humidity ded solutions are a viable alternative to expensive indus-
variations to +4-5%. These improvements not only mini- trial PLCs for agro-industrial SMEs.
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