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Abstract 

Recycling exhaust air is acknowledged as a method to reduce the energy consumption of agricultural products 

in the dryer. This study investigates the performance of an air circulation system at a laboratory scale and develops 

a feedback control compensator for optimizing the drying air circulation process. A servo motor is employed to drive 

a valve, to feed the exhaust drying air with high temperature and humidity back in different proportions. The system 

is controlled using an Arduino DUE microcontroller, which communicates data with MATLAB/Simulink. The 

system identification methodology is employed to analyze the mathematical model of the system. The result indicates 

that the response of the system meets the acceptance criteria when the percent overshoot is less than 25%, and the 

settling time is within 60 seconds (with a 2% error tolerance). Evaluation of control system performance during 

equilibrium employs R2 and RMSE values. 
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1. Introduction 

Agricultural products, especially cereal grains like rice, wheat, corn, and beans, are crucial for survival because of their 

high nutritional content and ability to be processed into a wide range of cuisines [1-2]. Drying is one of the important 

postharvest steps that is used to reduce the moisture content of the postharvest to an appropriate level. This practice helps to 

avoid the issue of excessive humidity in the product, which leads to the growth of microorganisms and degradation in the 

quality of the food during storage [3-4]. 

In general, to dehumidify agricultural materials and food, solar drying is preferred, which uses less energy costs to reduce 

moisture because it uses natural heat as an energy source to expel moisture from agricultural materials. However, inclement 

weather limits this method, and it is vulnerable to animals and insects. Furthermore, it needs a certain amount of manpower 

and instruments to handle, which raises the production cost. Due to the limits of traditional solar drying techniques, mechanical 

dryers that can operate in all seasons and control the quality of crops are increasingly popular in the grains production industry 

[5]. Mechanical dryers are developed from different techniques depending on the purpose of drying and the value of the product 

[6-7]. 

When talking about drying paddy, it is the main export product of Thailand’s hot air dryers. As for Thailand hot dryers, 

owing to their simplicity and suitability for practical operations, they are mostly used as a medium in the mechanical dryer to 

remove moisture from materials. From the review of past research, it was found that the Louisiana State University (LSU) 

dryers were popular in the paddy industry with energy consumption in the range of 3.874-6.25 MJ/kg water [8-9], while 
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crossflow dryers had energy consumption in the range of 1.94-3.89 MJ/kg water [10-11], and rotary dryers have energy 

consumption in the range of 2.64-9.2 MJ/kg water [12-13]. These dryers require a high amount of energy to drive the system, 

which is the energy cost that affects production costs the most. 

According to Thailand’s 20-year energy conservation plan (2011-2030), the importance of reducing greenhouse gas 

emissions has been considered, which is the crucial factor that causes the national energy system to transform into a carbon 

reduction system [14]. As a result, the use of electricity to produce hot air for drying is an advantage compared to using 

combustion as a heat source. An important method that can reduce energy consumption in the drying process with a hot air 

dryer is to recirculate the air that has taken moisture from those agricultural materials to be used in the dryer again.  

Recently, Amantéa et al. [15] applied reheated air circulation to grain drying. It was found that air recirculation can 

increase moisture extraction rate, exergy, and energy efficiencies by 25% or more. Sila et al. [16] reported that higher air 

circulation ratios resulted in lower energy consumption in the air preheating system. These studies have yielded results in the 

same direction as Darvishi et al. [17], who studied the effect of air circulation on energy consumption during fluidized bed 

drying of sliced mushrooms under various drying conditions. They found that recycling the exhaust air greatly reduced energy 

consumption. 

Although exhaust air recirculation is an interesting approach to improving the hot air-drying process and has great 

potential to reduce energy consumption, grains are naturally biomaterial and susceptible to rapid changes in temperature and 

humidity in the air, especially in dryers. It directly affects the quality of the product [18-19]. Therefore, exhaust air recirculation 

is necessary to precisely control the air mixing to achieve the desired proportion of air humidity ratio before entering the drying 

process. The previous research conducted by Pakdeekaew et al. [20] highlighted limitations in the operation of the solenoid 

valve utilized in the air humidity control system. These limitations pertain to the long-term performance of the equipment and 

its limited capacity to recycle air, not exceeding 15.18% of the total air volume used in the drying system. Overcoming these 

challenges presents a significant obstacle in implementing this system effectively within a commercial dryer. 

The objective of this study was to design an air humidity control system for grain drying systems, while addressing the 

limitations identified in previous research. The main focus was on developing a controller that could effectively regulate the 

humidity ratio of mixed air, comprising recirculating air and ambient air. To achieve this, a butterfly valve was employed to 

precisely adjust the flow of recycled drying air. The expected outcome of implementing this control system in a commercial 

hot air dryer is to enhance energy efficiency and ensure better product quality control after the drying process, thus offering 

promising prospects for the future. 

2. Materials and Methods 

A drying demonstration set was developed to investigate the design of the humidity control system. The main components 

comprise a heater and a nozzle spray unit to simulate the transfer of moisture from the drying material to the air in the drying 

system. 

2.1.   The drying system on a laboratory scale 

The drying demonstration set was used to imitate the circumstances of heat and mass transfer instead of a real drying 

system. The transfer of moisture from material to air was studied, and the control system of air humidity ratio at point 3 (Fig. 

1, mixed air) was developed. The ambient air entering the system (Fig. 1, point 1: Ambient air) and humid air after receiving 

the moisture from the spray chamber are to be mixed in different proportions (Fig. 1, point 2: Recirculating air). The 

components of the drying demonstration set are shown in Fig. 1. In Fig. 1, the air was circulated by a 24V 5.5A DC electric 

blower in this test. Ambient air entered the system at point 1 and flowed through point 3 to the venturi flow meter. At this 
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point, the air velocity was maintained at 6 m/s (The volumetric flow rate is 0.01478 m3/s) throughout the test with a regulated 

DC power supply (ATTEN model APR3010H). Before entering the water spray chamber, the air was heated by the heater that 

collaborates with a proportional-integral-derivative (PID) temperature controller (RKG model REX -C100FK02) to maintain 

a consistent air temperature of 70 °C. 

In the water spray chamber, the spray nozzles simulate the humidification of the air, similar to the process in a drying 

room where the moisture from the material is transferred to the air. The pressure for the spraying system was provided by a 

high-pressure pump (SEAFLO model SFDP1-013-100-22, 12 V 5 A, pressure 100 PSI) to spray water in the chamber. A heat 

and mass transfer process happeneds when hot air collidedes with water mist. As a result, the relative humidity of air rose 

while the air temperature fell [21]. The humidity ratio of air after the mixing process at point 3 was assessed by the dry bulb 

temperature and relative humidity of the air. The DHT22 sensor (AM2302 modules, accuracy: humidity ±2% RH (Max ±5% 

RH); temperature < ±0.5 °C; operating range: humidity 0-100% RH; temperature -40-80 °C) was utilized to measure it. 

 

Fig. 1 Schematic diagram of the drying demonstration set 

This research used an Arduino DUE as a microcontroller to control the operation of the air circulation system, with a 

servo motor driving the butterfly valve to adjust the return air ratio as shown in Fig. 2. The percentage of valve opening from 

0-100% was defined as the input signal to the system, and its response was the humidity ratio of the air obtained from the mix 

of recirculating air and ambient air. 

 

Fig. 2 An adjustable airflow valve 

2.2.   The humidity ratio calculation 

This research was focused on controlling the humidity ratio as the response variable (output signal). Calculation of the 

humidity ratio starts with the DHT22 sensor sensing the dry-bulb temperature of the air in degrees Celsius (°C) and converting 

to Kelvin (K) before computing the saturation vapor pressure of air by: 

3
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while the relative humidity of air was used for calculating the vapor pressure 
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after that, the vapor pressure of air was utilized to calculate the air humidity ratio [22].  
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where Psv is the saturation vapor pressure of air (Pa), Pv is the vapor pressure of air (Pa), Tdb is the dry-bulb temperature of the 

air (K), RH is the relative humidity of air (%), C1 is -5.8002206E+03, C2 is 1.3914993E+00, C3 is -4.8640239E-02, C4 is 

4.1764768E-05, C5 is -1.4452093E-08, C6 is 6.5459673E+00, and ω is the humidity ratio of air. 

2.3.   Mathematical model of the humidity control system from drying air recirculation 

The operation of the humidity control system, which utilized circulating drying air, is shown in Fig. 3. Before entering 

the air mixing point, the drying air flow rate was proportioned by a butterfly valve driven by a DC servo motor. The recirculated 

drying air was mixed with the ambient air entering the dryer according to the adiabatic mixing of two air streams process at 

the mixing point. The percentage of valve opening was defined as the input signal. The air humidity ratio after the mixing 

process was defined as the output signal. Fig. 4 shows the overall operation block diagram of the system, consisting of 3 main 

parts as follows: (1) Motor position control system (Gposition), (2) Transfer function between recirculating drying air flow rate 

and valve angular distance (Gvalve), and (3) Transfer function of air mixing point (Gmixing point). Each section was combined into 

a system transfer function model (Gtotal) used for system identification in Section 2.4. 

 

Fig. 3 Functional diagram of the air recirculation proportional control valve 

 

 

Fig. 4 Block diagram of a humidity control system from recirculating drying air 

Aloo et al. [23] reported that the operation of DC motors can be controlled by adjusting the voltage applied to the armature 

circuit, also known as armature control. Newton’s law and Kirchhoff’s voltage law were used to analyze this electromechanical 

system. The transfer function of the motor is shown as: 
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Electrical time constants are neglected consideration since they are very small compared to mechanical time constants. 

Therefore, Eq. 4 can be reduced [24]. 
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The analysis of the angular position of the servo motor can be derived by multiplying the rotational angular velocity with 

the integrator, as illustrated in Fig. 5. 

 

Fig. 5 DC motor position control block diagram 

Consequently, the transfer function of the servo motor position control system can be expressed as,  
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which describes the relationship between the angular position output and input signals. Where Ωm is the angular velocity of 

the motor (rad/s), Va is the applied armature voltage (V), Kt is the motor torque constant (Nm/A), La is motor armature 

inductance (henry), Ra is motor armature resistance (ohm), s is a complex variable, fv is viscous friction, J is the moment of 

inertia (kgm2), Kb is back emf constant (Vs/rad), K is gain of position control, θo is angular position output, θi is angular position 

reference, KT is constant, where KT = Kt / (Rafv + KtKb), and τ is time constant, where τ = RaJ / (Rafv + KtKb). 

Upon the receipt of the input signal, rotation was initiated by the motor, resulting in a corresponding adjustment of the 

cross-sectional area of the butterfly valve. This alteration subsequently impacted the mass flow rate of the recirculating air. 

Such a system can be considered by flowing through pipes with different cross-sectional areas as shown in Fig. 6. 

 

Fig. 6 Fluid flow through a pipe with different cross-sectional areas 

The fluid flow from cross-sectional areas (A1 to A2) was described by the Bernoulli equation. When the fluid was 

incompressible and kept at the same height (h1 = h2), the fluid velocity at the exit could be estimated [25].  
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To determine the mass flow change as the fluid flows through the control valve and solve this problem, the continuity 

equation and the Laplace transform were applied. The mass flow rate of the recirculating air through the control valve could 

be calculated as: 

( ) ( ) ( ) ( )2
ρ=Q s s A s V s  (8) 

When it is defined, A(s) = K1θ(s) is the relationship between the linear cross-sectional area (A(s)) and the gate position of 

the valve (θ(s)), and K1 is the constant of proportionality. Therefore, the transfer function of the drying air flow rate was 

changed by the rotation of the control valve (Gvalve) shown as: 
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When considering that air mixing was a time-independent value x(t), the Laplace transform of the function was 

represented by, 

( )
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where ν1 is velocity of the fluid at point 1 (m/s), ν2 or V2 is the velocity of fluid at point 2 (m/s), ρ is fluid density (kg/m3),  

P1-P2 is pressure difference (Pa), Q is the mass flow rate at point 2 (kg/s), K1 is the constant of proportionality, X is the 

proportion of the air mixing process, and ω3 is the humidity ratio of mixed air (gw/kgda). 

The total transfer function of the system (Gtotal) according to Fig. 4 was obtained by combining the blocks from the 3 

main parts reported previously, as shown in the formula. 
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2.4.   Identification of the humidity control system from recirculating drying air 

System identification is a mathematical modeling method for dynamic systems. It uses experimental input and system 

response data in modeling [26-27]. This research used closed-loop experimental data collection in the time domain for system 

identification with MATLAB program. The least-squares method was compared to the general model of the second-order 

system described in Section 2.3. The sequence of steps to system identification can be schematically represented in Fig. 7. 

 

Fig. 7 System identification procedure 

2.5.   Proportional Integral (PI) controller design 

The design of the system controller starts from setting the design specifications. Steady-state errors (Ess) are zero, percent 

overshoot (%OS) is less than 25%, and settling time at 2% error (Ts) is less than 60 seconds. These requirements are used to 

calculate the design point according to [28]. 
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Then, the root locus was analyzed to determine the proportional gain and integral gain under the angle condition and the 

magnitude condition. The PI controller was in the form of a transfer function according to [28]. 
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where ζ is the damping ratio, ωn is the natural frequency, S1,2 is the dominant pole for a design point, GPI is the transfer function 

of the PI controller, KP or KI is controller gain, and Zc is zero. 

The feedback control system for controlling humidity ratio in the air circulation system is shown in Fig. 8, where the 

block diagram above (plant) was a command through the Arduino support package in the actual system operation, and the 

block diagram below was a mathematical model derived from system identification. The output signals from both sources were 

compared to the setpoint value. 

 

Fig. 8 Schematic diagram of a closed-loop humidity ratio control system 

3. Result and Discussion 

In this section, the results of the drying air recirculation test are discussed. To control the system and evaluate the 

performance of the controller, the transfer function obtained through system identification techniques was deployed. 

3.1.   The ability of the valve to adjust drying air circulation 

 

Fig. 9 The relationship between the input signal and the air recirculation 

The response of the butterfly valve was evaluated with various input signals, as shown in Fig. 9. Results indicate that the 

volumetric flow of return air increased proportionally to the input signal in the range from 0% (valve at angle 0 degrees, air 

return leak of 0.0009 m3/s) to 50% (valve at angle 45 degrees, air return of 0.01 m3/s). Air circulation is reused up to 68.33% 
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when compared to the use of unmixed drying air in a drying chamber. However, this experiment limits the volumetric flow of 

drying air in the range of 60% (valve open at an angle of 54 degrees) onwards, and the system has the potential to 83% air 

recirculation when the valve is fully open. 

3.2.   System identification result of the humidity ratio control system 

From the system identification according to Section 2.4, it was found that the least-squares method can estimate the 

variables present in the second-order transfer function as: 

( )
2

0.002263

0.2842 0.01332
=

+ +
totalG s

s s
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The estimation results correspond to the experimental data as 85.51%, and the root mean square error (RMSE) stands at 0.288. 

Considering the accuracy of this model and the research of Pongam et al. [29], which identified the thermal system identity of 

the reheating furnace for the design of the PI controller similarly, it was seen that this model was accurate enough to be used 

to design a controller and simulate the system response before being applied to control the actual system. 

 

Fig. 10 Pole-Zero map of the system 

 

 

Fig. 11 The response to the unit step function of the system 

From considering the closed-loop system of Eq. 10, it was found that the system has 2 poles, -0.0742 and -0.21, located 

on the real number axis as shown in Fig. 10. When testing the transfer function with a unit step input, it was found that the 

transient response in terms of the rise time was 32.5 seconds, the settling time at 2% error was 58.6 seconds, and response in 
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steady state was 0.145 (Setpoint = 1 in unit step input), which appears to have an offset error as in Fig. 11 due to the type 0 of 

open-loop transfer function. Therefore, it is necessary to minimize steady state error with the PI controller according to Section 

2.5. 

3.3.   Proportional integral (PI) controller 

Fig. 12 shows the pole and zero map of the system that was compensated by the PI controller. The proportional gain was 

11.22, and the integral gain was 0.9884, which resulted in the system behaving according to the design conditions outlined in 

Eq. 14. The presence of complex conjugate poles on plane -0.0837 ± j 0.11 led to an oscillating effect on the unit step function, 

as shown in mathematical simulation (Fig. 13). The system had an overshoot of 16.5% (less than 25%) and settling time (2% 

of error) of 42.8 (less than 60 sec), which was following the established design conditions as shown in Table 1. Therefore, 

these gain values were tested with the air humidity ratio control system after the recirculation drying air mixing process. Fig. 

14 shows the system response to PI controller operation. The process value was the air humidity ratio from the actual 

experiment, and the simulation was the response from the mathematical model compensated by a PI controller. 

 

Fig. 12 Pole-Zero map of the system compensated by PI controller 

 

 

Fig. 13 Simulation of the unit step response of system compensated by PI controller 

Table 1 The unit step response of the system: before and after compensation by the controller 

System Rise time (s) Overshoot (%) Settling time (s) Final value 

Requirements - Less than 25% 60 - 

Before compensation 32.5 - 58.6 0.145 

After compensation 11.1 16.5 42.8 1 
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The accuracy of describing the data from the mathematical model with system identification was as high as 85.51%, 

resulting in a corresponding trend of the response between the mathematical model and the actual process value as shown in 

Fig. 14. Despite some discrepancies that resulted from both mechanical and thermal losses in the air mixing process, further 

study was necessary to assess the impact of these losses. However, the overall system could be seen to have effectively 

maintained the process response within acceptable limits, with a maximum percent overshoot of 25%, settling time at 52 

seconds before reaching the setpoint value, which found a percent overshoot of less than 15% and settling time less than 20 

seconds at every subsequent setpoint. The integral term from the controller has great potential to improve the Ess value. This 

control system can track the setpoint and compensate for discrepancies, causing Ess to eventually reach 0. 

When comparing the system performance with the study conducted by Pakdeekaew et al. [20], it was observed that the 

humidity control system described in the reference study exhibited a faster response to the reference value, approximately 40% 

faster than the system implemented in this research. Nonetheless, this influence was prominent during the initial phase of the 

operation. In the next setpoint, it was found that the humidity control system of this research was able to respond to the 

dependent variable faster from the start, which was only 7% behind the reference study. The results of the response comparison 

are shown in Fig. 15 and Table 2. While the humidity control system in this study exhibited a slightly delayed response 

compared to the reference study, it is worth noting that the humidity control system described in the reference study had a 

limitation on the amount of air recirculation, which should not exceed 15.18% of the drying air used in the system. This 

limitation highlights the advantage of the humidity control system implemented in this research, particularly when there is a 

need for large quantities of recirculating drying air. 

 

Fig. 14 System response from PI controller compensation 

 

 

Fig. 15 Responses of the humidity control system at the same input 
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This system can recycle up to 83% of the drying air (Fig. 9), combined with the advantages of electric heating for the hot 

air system mentioned in the introduction. Therefore, the researcher has a guideline to apply this device for controlling the 

humidity and temperature in the paddy drying system. It is hoped that a highly precise control system that operates according 

to the optimal conditions plays a role in the energy efficiency of the drying process. It can reduce carbon emissions into the 

atmosphere compared to hot air combustion systems and being able to improve the quality of the product after drying in the 

future. 

Table 2 The comparison between responses implemented in this research and the research reference 

Setpoint (humidity ratio) System Overshoot (%) Settling time (s) 

18 gw/kgda 
Research reference 4.22 32.70 

This research 23.65 45.68 

17 gw/kgda 
Research reference 0.71 109.44 

This research 2.07 110.80 

19 gw/kgda 
Research reference 0 212.39 

This research 4.76 227.25 

20 gw/kgda 
Research reference 0.15 309.45 

This research 2.60 324.30 
 

4. Conclusions 

This study developed an air recirculation system utilizing a servo motor to control a butterfly valve, thereby achieving 

proportional recirculation of dry air to mix with the intake air. An air circulation test observed a consistent and proportional 

increase in the volumetric flow of return air increased proportionally quite constant during the input signal. The defined input 

signal, represented by the percentage of valve opening, corresponded to the humidity ratio of the air obtained from the mix of 

return air and ambient air. Employing the system identification method, the mathematical model of the system was analyzed. 

The research defined specific design conditions to ensure zero steady-state error, a percentage overshoot of less than 25%, and 

a settling time was within 60 seconds. Through systematic system simulations utilizing a unit step function, it was determined 

that the proportional gain of 11.22 and the integral gain of 0.9884 fulfilled the design requirements, resulting in a percentage 

overshoot of 16.5% and a settling time of 42.8 seconds. Subsequent testing of the designed PI controller was tested against the 

actual air humidity ratio control system and revealed that the controller had sufficient potential to compensate for the system. In 

the future, it has the potential to further expand this system to control the air conditions on the industrial scale of drying systems. 
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