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AbstractArticle Info

Importance of the work: A method was presented for controlling the humidity ratio of 
the mixture of emitted air from a dryer with fresh air so that it can be applied to reduce 
energy consumption in the future.
Objectives: To develop a control system with a pulse width modulation (PWM) technique 
for air humidity ratio control in a laboratory-scale paddy drying system. 
Materials & Methods: An on-off air control valve with PWM was controlled using 
two methods: 1) theoretical calculation; and 2) the second of Ziegler-Nichol’s methods 
consisting of Proportional-integral (PI)-, Proportional-integral-derivative (PID)- and 
PID-no overshoot controls, respectively.
Results: A closed-loop control system based on Ziegler-Nichols’ second method achieved 
the fastest steady-state response, especially with a PID controller. The performance of 
Ziegler-Nichols’ second method was closer to the reference values at a steady state than 
the theoretical calculation method.
Main finding: All the proposed methods produced low error in steady-state responses 
with averages less than 3.691%. All methods were suitable for various applications, with 
sufficient potential for application in controlling the humidity ratio of air in the drying 
process of agricultural products.
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Introduction 

	 Agricultural products are important to human life, 
especially grain foods such as rice, wheat, corn and beans, 
because of their high nutritional benefits and capacity to be 
processed into a variety of foods (IMPOFF, 2022; International 
Rice Research Institute, 2022a). Drying is an important process 
after harvesting as it can prevent problems of high moisture 
content in the crop which results in the growth of fungi  
or microorganisms and leads to the deterioration of the  
quality of the produce in storage (International Rice Research 
Institute, 2022b; Müller et al., 2022). Various types of 
mechanical dryers have been developed using different 
techniques depending on the purpose of drying and its cost-
effectiveness for the product (Aghbashlo et al., 2013; Indiarto 
et al., 2021). Grain can be dried with a variety of hot-air dryers, 
such as drying paddy using the Lousiana State University 
so-called LSU dryer (Jittanit et al., 2010; Vengsungnle  
et al., 2018), drying paddy using a rotary dryer (Firouzi 
et al., 2017) and drying corn using a fluidized bed dryer 
(Khanali et al., 2018). A review of past research showed that 
hot-air dryers consume very high energy. For example, the 
LSU dryer which is very popular in the grain industry, has 
an energy consumption of 3.874–6.25 MJ/kg-water (Jittanit  
et al., 2010; Mondal et al., 2019), while the energy consumption 
ranges for the must-flow paddy dryer and the rotary paddy 
dryer were 1.94–3.89 MJ/kg-water (Mustafa et al., 2014; 
Tuaynak et al., 2014) and 2.64–9.2 MJ/kg-water (Firouzi 
et al., 2017; Havlík et al., 2020), respectively. Exhaust air 
recirculation can be used to reduce energy consumption  
in a hot-air dryer. Recently, Sila et al. (2022) indicate that  
a high volumetric proportion of air circulation leads to the 
reduction of energy consumption in air heating systems.  
This effect was supported by Darvishi et al. (2018), who 
investigated the effects of osmotic pretreatment and  
air recirculation on energy and exergy analyses of a fluidized  
bed drying sliced mushrooms under different drying  
conditions. It was also similar to the research of Afzali et al.  
(2019), which stated that the percentage of air convection 
was one factor affecting the exergetic performance of  
a conveyor infrared hot-air dryer for mushroom slices. 
However, grains are natural biomaterials, which are 
very sensitive to rapid changes in air temperature and air 
humidity, especially in dryers. This may directly affect 
the quality of the product (Chayjan et al., 2019; Müller  
et al., 2022). Therefore, it is necessary to precisely control 

the recirculating air to obtain the required humidity of air  
mixture before entering the drying process. Pulse width 
modulation (PWM) is an important control technique  
that can be applied to a wide range of control systems.  
For example, Fernando et al. (2021) used the PWM technique 
to control the voltage supplied to the motor of a heat pump 
dryer to manipulate air circuit parameters. In addition,  
PWM has been applied to drive a pneumatic muscle  
actuator system using on/off solenoid valves (Jouppila et al., 
2014).
	 The current research investigated applying the PWM 
technique to control the operation of a solenoid valve to 
achieve the desired humidity of the air mixture between  
exhaust recirculating air and the ambient air. It was  
hypothesized that precisely controlling the air circulation 
system would contribute to improving the energy efficiency  
of the dryer and improving the quality of the product  
after drying.

Materials and Methods

	 This research developed a method for controlling the 
humidity ratio of air based on two experiments: 1) air humidity 
ratio control based on the theoretical calculation method, and 
2) air humidity ratio control according to the second method of 
Ziegler-Nichols. 

Equipment

	 A laboratory-scale, hot-air-producing system was developed 
to represent an actual agricultural dryer (Fig. 1A). The system 
was used to evaluate the method of controlling the humidity 
ratio of the air mixture between the ambient air inlet (Fig. 1B, 
No. 1) and the humid air after receiving moisture from the 
spray chamber, which was recirculated in different proportions 
(Fig. 1B, No. 2). The components of the system are shown in 
Fig. 1B.
	 From Fig. 1B, this system used a direct current (DC)  
blower (24 V 5.5 A at 3,700 revolutions per minute)  
to recirculate the air. Ambient air flowed into the system 
through the Venturi flow meter at No. 1 (Arduino pressure 
sensor, HX710B modules and DHT22 (AM2302 modules,  
with relative humidity (RH) accurate to ±2% (maximum 
±5% RH); temperature < ±0.5 °C; operating range for 
humidity 0–100%, for temperature -40 °C to approximately 
80 °C (Components 101, 2018); and the air was regulated to 
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a constant velocity of 6 m/s at No. 3 by a voltage regulator 
DC power supply (ATTEN model APR3010H) throughout 
the test (constant volumetric flow of 0.015 m3/s). The air  
was heated with a heater according to the heating process. 
It worked separately from the main control system under 
a proportional-integral-derivative (PID) temperature 
controller (RKG model REX-C100FK02) to control the 
air at a constant temperature of 80 °C before entering the 
drying chamber. Water spray was used to represent the 
remaining moisture in the material in the actual drying 
process in the drying chamber. This method maintained  
a constant air humidification rate throughout the experiment 
instead of the actual drying material in the dryer. A nozzle 
inside the chamber sprayed water using a high-pressure  
pump (SEAFLO model SFDP1-013-100-22, 12 V, 5 A, 
pressure 690 kPa) to create pressure for the spraying system. 
When the hot air met the water mist, a heat and mass  
transfer process occurred. Consequently, the air temperature 
decreased and the RH increased (Pakdeekaew, 2021).  
The air properties at each measuring point were monitored 
using a DHT22 sensor (ASAIR model AM2302) and an 
Arduino DUE board was used as a microcontroller to control 
the system.

Pulse width modulation for airflow control using on-off 
solenoid valve 

	 PWM (Dunn, 2005) is a technique to generate a digital 
signal that is a pulse signal with a constant period. Signals have 
two types of status, either 1 or HIGH or 0 or LOW, as shown  
in Fig. 2.
	 The duty cycle (Equation 1) was calculated by comparing 
the percentage between HIGH states in each period (Barrett 
and Pack, 2005):

	  
= × 
 

 
   100%

Time HIGH
Duty cycle

Period
	 (1)

Fig. 1	 (A) Laboratory-scale drying system for experimentation; (B) diagram of laboratory-scale drying system

Fig. 2	 Characteristics of a pulse width modulation signal
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	 where duty cycle is the percentage of ‘high’ status time  
(in seconds) in each period (in seconds). The duty cycle is 
applied to operate an on/off solenoid valve (Fig. 1B) to adjust 
the proportion of exhaust air recirculation mixing with ambient 
air. The valve activation periods were proportional to the 
volume flow rate of the recirculated air.
	 The solenoid valve on-off period was defined by the 
percentage of duty cycle as the input signal having percentage 
values of 0, 20, 40, 60, 80, and 100 of the 0.2 s periods (Fig. 3).  
The response of the volumetric flow rate of recirculating 
air (Fig. 1B) was measured using the Venturi flow meter at 
No. 3. The coefficient of determination (R2) and correlation 
coefficient (r) were used to evaluate the relation between the 
volume flow rate of air (in cubic meters per second) and the 
duty cycle (as a percentage).

	 where  ṁai is the mass flow rate of dry air (in kilograms 
per second), ωi is air humidity ratio (in kg of water, kgwater, 
divided by kilograms of dry air, kgda), hi is the enthalpy of air 
(in kilojoules per kilogram of dry air) and i is the state number 
(i = 1, 2, 3).

	 Calculation of air humidity ratio
	 Dry bulb temperature (Tdb) and RH data from the DHT22 
sensors were obtained at each measurement point (Fig. 1B) 
and used to calculate the approximate value of the air humidity 
ratio for every position. Initially, Tdb was converted to Kelvin 
(K) before calculating the saturated vapor pressure (Psv) using 
Equation 5 (American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, 2009), while the RH was used 
for calculating the vapor pressure (Pv) according to Equation 6  
(American Society of Heating, Refrigerating and Air-Conditioning 
Engineers, 2009). The values of Pv were used to determine the 
humidity ratio of air according to Equation 7 (American Society 
of Heating, Refrigerating and Air-Conditioning Engineers, 
2009). The procedure can be written with a block diagram by 
MATLAB Simulink as shown in Fig. 5.

	  
=   

 
 2 31

sv 2 3 db 4 db 5 db 6 db

db

C
P exp  + C + C T  + C T + C T + C lnT

T
	 (5)

	 ×
=

100

sv

v

RH P
P 	 (6)

	 ω
 

×   − 
 = 0.621945  

v

atm v

P

P P
	 (7)

Fig. 3	 Block diagram for operating solenoid valve

Fig. 4	 Humid air mixing diagram (Cengel and Boles, 2011), where ṁi is 
the mass flow rate of dry air (in kilograms per second), ωi is air humidity 
ratio (in kg of water, kgwater, divided by kilograms of dry air, kgdryair), hi is 
the enthalpy of air (in kilojoules per kilogram of dry air) and i is the state 
number (i = 1, 2, 3)

Air humidity ratio control using theoretical calculation method

	 Adiabatic mixing process of air streams
	 Cengel and Boles (2011) indicated that an adiabatic process 
is a thermodynamic process in which no heat is transferred in or 
out of the system (∆Q = 0). Air mixing is based on this process. 
The humid air mixing process is generally described in Fig. 4. 
	 Mass balance and energy balance for the adiabatic mixing 
process of air streams from Fig. 3 are shown as Equations 
2–4 (Cengel and Boles, 2011). The volumetric flow rate of 
recirculating air (Fig. 1B at No. 3) can be estimated by applying 
the mass balance of air humidity according to Equation 3 and 
dividing by the air density during the experiment:

	 Mass balance of dry air: ṁa1 + ṁa2 = ṁa3	 (2)

	 Mass balance of air humidity: ṁa1ω1 + ṁa2ω2 = ṁa3ω3        (3)

	 Energy balance: ṁa1h1 + ṁa2h2 = ṁa3h3	 (4)



325A. Pakdeekaew et al. / Agr. Nat. Resour. 57 (2023) 321–330

	 where C1 is -5.8002206 × 103, C2 is 1.3914993, C3 is 
-4.8640239 × 10-2, C4 is 4.1764768 × 10-5, C5 is -1.4452093 
× 10-8, C6 is 6.5459673, Patm is atmospheric pressure (101,325 
Pa), Tdb is dry bulb temperature, RH is relative humidity, and Pv 
is the vapor pressure, ω is the air humidity ratio and Psv is the 
saturated vapor pressure.

	 Theoretical calculation method controller
	 The theoretical Equations 2–7 were programmed into a 
computer to control the humidity ratio of mixed air compared 
to the reference value. Tdb and RH at No. 1 and 2 (Fig. 1B) were 
calculated for the air humidity ratio according to Fig. 5. At the same 
time, the mass air flow rate measured using the Venturi flow meter 
and Tdb were provided as input to the program based on Equation 
3 to calculate the air flow rate at No. 2 (Fig. 1B). In addition, the 
relationship between the duty cycle and the recirculating air flow 
rate was used to configure the PWM and was used as the signal 
to drive the solenoid valve. A simple system operation diagram is 
shown in Fig. 6. The air humidity ratio after an adiabatic mixing 
process was compared for performance with the reference value.

Air humidity ratio control according to second method of 
Ziegler-Nichols 

	 Proportional-integral-derivative control
	 PID control is a feedback control (Fig. 7) in which the 
operation can be designed and tuned without needing to know the 

actual model of the system (Ogata, 2010). System error values 
(R(s) - Y(s)) were used for calculations in the PID controller 
based on three variables: the proportional term, the integral term 
and the derivative term, as defined in Equations 8 and 9.

	 = × + +
1

( ) (1 )PID p d

i

G s K T s
T s

	 (8)

	 U(s) = (Kp + Ki + Kd s) × E(s)
1
s 	 (9)

	 where GPID(s) is the PID controller transfer function, Kp is 
the proportional gain, Ki is the integral gain, Kd is the derivative 
gain, Ti is the integral time, Td is the derivative time, U(s) is the 
control signal and E(s) is the error signal.

Fig. 5	 Block diagram of air humidity ratio calculation

Fig. 6	 Block diagram of theoretical calculation method controller, where Duty cycle is the percentage of ‘high’ status time (in seconds) in each period  
(in seconds), PWM is pulse width modulation

Fig. 7	 Block diagram of proportional-integral-derivative control system, 
where R(s) is the reference input signal, E(s) is the error signal, GPID(s) 
is the PID controller transfer function, Kp is the proportional gain, Ki is 
the integral gain, Kd is the derivative gain, Ti is the integral time, Td is 
the derivative time, U(s) is the control signal, Plant is the combination of 
process and actuator and Y(s) is the output signal
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	 Ziegler-Nichols’ second method was used to adjust the 
parameters in the PID control system. The system adjustment 
began by tuning only the proportional feedback control system 
(Ki, Kd = 0) (Ogata, 2010) until Kp equaled the critical gain 
(Kcr). During this time, the ratio of air humidity (output) was 
oscillating, as shown in Fig. 8, and the oscillation period (Pcr) 
and critical gain (Kcr) were measured and used for calculating 
the variables, as shown in Table 1. In this experiment, three 
type of controllers were studied: the unmodified PI, PID, and 
PID-no overshoot controls.

	 3. The maximum overshoot (Mp) is the ratio of the overshoot 
value to the steady state value, calculated using Equation 10 
(Ogata, 2010):

	 ω ω

ω

 −
= ×  
 

max ss

p

ss

M 100%
	 (10)

	 4. The root means error (RMSE) was used to analyze data 
consistency between the process response (ωoutput) and the 
steady-state response (ωss), and then in turn was used to analyze 
the response after the setting time. It was calculated using 
Equation 11 (Chen and Lee, 2015):
 

	
ω ω

=

= −∑
2

1

( )

n

output setpoint

i

1
RMSE

n 	 (11)

	 where ωmax is the maximum humidity ratio, ωss is the 
humidity ratio at steady state, ωsetpoint is the setpoint of the 
humidity ratio and ωoutput is the output of the humidity ratio, 
with all these parameters measured in kilograms of water per 
kilogram of dry air, with n being the number of data items.

Results and Discussion

Relationship between pulse width modulation signals and 
circulating air flow rate

	 The effect on the volumetric flow rate of circulating air when 
receiving various input signals (duty cycles) is shown in Fig. 9.
	 The correlation trend between variables was highly linear, 
as shown in Equation 12 with an R2 value of 0.9988 (r = 0.9993): 

	 y = ( 3 × 10–5) x – 10–18	 (12)

Table 1	 Gain calculation from various controllers
Type of controller Kp

§ Ki
|| Kd

¶

PI (Ogata, 2010)* 0.45 Kcr 0.54 Pcr -
PID (Ogata, 2010)† 0.6 Kcr 1.2 Kcr/Pcr 0.075 Kcr/Pcr

PID-no overshoot 
(McCormack and Godfrey, 1998)‡

0.2 Kcr 0.4 Kcr/Pcr 0.066 Kcr/Pcr

* PI = Proportional-integral controller; † PID = Proportional-integral-
derivative controller; ‡ PID-no overshoot = Proportional-integral-
derivative no overshoot controller; § Kp = the proportional gain; || Ki = the 
integral gain; ¶ Kd = the derivative gain

Fig. 8	 Sustained oscillation with period Pcr

Fig. 9	 Relationship between signal duty cycle and volumetric flow rate of 
recirculating air, where R2 is coefficient of determination

	 The duty cycle was input for the solenoid valve operation; 
the air humidity ratio at No. 3 (Fig. 1B) was the output of the 
system. This system used only one DHT22 sensor to measure 
the air properties at the output and to feed the data back to 
compare with the reference value.

Performance evaluation of developed air humidity ratio 
control system

	 The performance of the control system in each method was 
assessed based on the following variables:
	 1. The slope of the graph (Slopeint) was analyzed at the 
beginning of the response, approximately in the linear range.
	 2. The setting time (Ts) is the amount of time it takes for the 
system to start responding until its output converges to a steady 
state and gives ≤ 2% error compared to the setpoint.
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	 where y is the volume flow rate of air (in cubic meters per 
second) and x is the duty cycle as a percentage.
	 These results indicated that the amount of air recirculation 
at No. 2 was linearly proportional to the duration of the valve 
(duty cycle). Based on Equation 12, the experimental results 
showed the percentage of recirculating air flow within the 
system, which can be seen in Fig. 10.

Air humidity ratio control based on second method of Ziegler-Nichols

	 The result of the PID tuning experiment using the second 
method of Ziegler-Nichols showed that a critical gain (Kcr) 
of 50 caused the system to oscillate, as shown in Fig. 8, with 
an oscillation period (Pcr) of 15.61 s. The gain values for each 
controller are shown in Table 3 and the system response from 
using those controls is shown in Fig. 12.

Fig. 12	 Various responses of air humidity ratio control based on second 
method of Ziegler-Nichols

Table 2	 Performance of air humidity ratio control system based on 
theoretical calculation method
Performance variables Target of humidity ratio (gwater/kgda)

18 17 19 20
Slopeint* 0.458 -0.043 0.081 0.049
Ts (s)† 21.18 11.86 14.42 16.08
ωss (gwater/kgda)‡ 17.49 16.50 18.33 19.49
RMSE§ 0.533 0.589 0.778 0.489

* Slopeint = the slope of the graph; † Ts = the setting time; ‡ ωss = the 
humidity ratio at steady state; § RMSE = the root means square error. 

Fig. 10	 Percentage of air recirculation at different inputs

Fig. 11	 Response of air humidity ratio control based on theoretical 
calculation method	 The input signals (duty cycle) of 0%, 20%, 40%, 60%, 80% 

and 100% resulted in return air ratios of 0%, 2.71%, 5.03%, 
8.37%, 11.86%, and 15.18%, respectively. The results revealed 
the limitations of the solenoid valves used in recirculation 
systems which allowed a maximum return of 15.18% air 
flow under these test conditions, with this restriction due 
to the physical characteristics of globe valves with a high 
pressure drop. This behavior was similar to the characteristics 
of manually operated globe valves in the air recirculation 
experiment of Sila et al. (2022). Therefore, using a low 
pressure drop valve is an option to increase the recirculating air 
and is suitable for application in an actual drying system.

Air humidity ratio control based on theoretical calculation 
method

	 The response shown in Fig. 11 shows that the mean 
percentage error at steady state was 3.691%. This had a slight 
margin of error and so this method could be applied in a 
wide variety of applications. The control system performance 
indicators are shown in Table 2. The steady-state error values 
were in the range 0.5–0.8% of the RMSE values. Although 
this method had some error gaps from the steady-state 
approximation, these errors can be corrected by shifting up 
the response with a constant corrector to compensate for the 
system errors and produce greater accuracy. 
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	 In Fig. 12, the PID controller had the highest initial 
response sensitivity (maximum Slopeint) compared to the other 
controllers across all the target humidity ratios, followed by 
the PI controllers, while the slowest was the PID-no overshoot 
controller because Kp is the main influence parameter which 
directly resulted in the system discrepancy in each state  
and resulted in the system response being extremely agile  
at the beginning and gradually decreasing over time. This 
response proportionally decreased due to the decrease in 
the error signal. According to the influence of Ki (the sum 
of the errors over all periods), when combined with Kp,  
it accelerated the output response reaching the reference  
value and substantially eliminating the remaining errors 
generated from Kp. Since Ki is the term that accumulated  
the error in the past, the system would overshoot its response, 
as shown in Fig. 12. The influence of Kd decreased the rate 
of change in response and reduced the amount of overshoot 
that occurred. Considering the output response, the highest 
Mp value was in the system with the PID controller, followed 
by the PI controller and the PID-no overshoot controller, 
respectively. According to the overview, the three control types 
were able to provide responses very close to the reference value 
in the steady-state period. The results of the evaluation of the 
performance of the developed control systems are shown in 
Table 4.
	 The PID controller was the fastest to converge to the 
equilibrium time (Ts) with a 2% error gap with the reference 
value except for the humidity ratio at 19 gwater/gdry air. The PI 
controller provided a faster Ts response than the PID controller. 
For the problem of a high initial Slopeint, the PID controller 
took more time than the PI controller to tune itself because it 
had a large overshoot response at 2.11%. On the other hand,  
no overshoot occurred in the PI controller. In addition,  
the lowest RMSE values were in the range 17–19 gwater/gdry air 
because the influence of Kd in the PID controller promoted 
the stability of the steady-state response. The highest value of 
RMSE at 20 gwater/gdry air from the PID and PID-no overshoot 
controls was not much different in the steady-state range. 

Table 3	 Gain for various controllers
Type of controller Kp

§ Ki
|| Kd

¶

PI* 22.5 8.4294 -
PID† 30 3.8436994 0.2402306
PID-no overshoot‡ 10 1.2812299 0.2114029

* PI = Proportional-integral controller; † PID = Proportional-integral-
derivative controller; ‡ PID-no overshoot = Proportional-integral-
derivative no overshoot controller; § Kp = the proportional gain; || Ki = the 
integral gain; ¶ Kd = the derivative gain

Table 4	 Performance of humidity ratio control system with various 
controllers
Type of 
controller

Performance 
variable

Target of humidity ratio (gwater/kgda)
18 17 19 20

PI* Slopeint
|| 0.780 -0.124 0.174 0.092

Ts (s)¶ 32.70 9.44 12.39 9.45
Mp (%)# 4.22 0.71 0 0.15

RMSE** 0.137 0.113 0.087 0.112
PID† Slopeint 0.912 -0.162 0.347 0.144

Ts (s) 31.19 7.64 18.79 7.20
Mp (%) 11.69 1.72 2.11 0.76
RMSE 0.093 0.105 0.088 0.245

PID – no 
overshoot‡

Slopeint 0.619 -0.040 0.102 0.045
Ts (s) 38.82 16.39 19.30 10.99

Mp (%) 2.91 0.59 0.38 0
RMSE 0.143 0.159 0.113 0.278

* PI = Proportional-integral controller; † PID = Proportional-integral-
derivative controller; ‡ PID-no overshoot = Proportional-integral-
derivative no overshoot controller; || Slopeint = the slope of the graph;  
¶ Ts = the setting time, # Mp = the maximum overshoot; ** RMSE = the root 
means square error

However, the PID-no overshoot controller had a slower 
response time (Ts) than the other controllers in all cases  
and the values of Mp were lowest compared to the other 
controllers.
	 From the experiment, all the feedback control methods 
of air humidity ratio control were better than the theoretical 
calculated method. The influence of Ki in the system resulted 
in rapid convergence to the reference value. The RMSE  
(Table 4) was relatively low in the range 0.087–0.245, 
which was significantly lower than the theoretical calculated 
method. In addition, these systems used fewer sensors than  
the theoretical calculation method, in which two or more 
DHT22 sensors were used as they were needed to use the 
airflow measurement device. However, the actual agricultural 
material drying system required a long implementation time to 
reduce the moisture content from high-moisture agricultural 
materials to the storage moisture of approximately 14% 
wet basis for paddy (Pakdeekaew, 2021; International Rice 
Research Institute, 2022b). Therefore, it was not as necessary 
to consider the time response in the first period than the 
response reached in the steady-state period. All the methods 
had sufficient potential to be applied to air recirculation control 
which could contribute to energy savings when applied to 
various systems (Darvishi et al., 2018; Afzali et al., 2019). 
However, the theoretical calculation method was limited by the 
need for an additional flow meter in the system, which made 
it more complicated than the other methods that needed only 
DHT22 sensors.
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Conclusions

	 A technique was developed to adapt the on-off control valves 
with PWM for use in a feedback flow control system. The results 
indicated different performance of the feedback control method 
in the adiabatic mixing process by recirculating the humid air 
for the humidity ratio controlling system between the theoretical 
calculation method and PID control using the second method 
of Ziegler-Nichols. All the PID control techniques had faster 
response times than the theoretical calculation method and 
the errors in the steady-state period were also less. Controllers 
that combined integral and proportional controllers provided 
acceleration of the output response to reach the reference value. 
The derivative controller performed so that reduced the overshoot 
and converged the response aimed at the reference value. 
However, all the proposed methods provided low error in steady-
state responses with average percentage errors of less than 3.691 
and so would be suitable for use in control systems that do not 
need very high responsiveness. The effect of recirculating exhaust 
air from the dryer that retains a high temperature can reduce 
the power of the heater in the air heating system of the dryer 
because the mixing of the exhaust air and fresh air increased the 
temperature of the air more than from using only fresh air in the 
heating system. Each of these methods had sufficient potential to 
control the air moisture ratio in the drying process of agricultural 
products and could save energy in the drying system when it is 
further applied in a commercial scale system.
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