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Abstract: Environment parameters are the main factors affecting the growth and development of Agaricus bisporus.  Because of 

the requirements of environmental conditions for high-efficiency industrialized production of Agaricus bisporus, equipments for 

environment control were developed.  Based on the variable operating equipment, a multi-factor fuzzy controller was designed to 

realize the comprehensive control of ambient temperature, humidity, CO2 concentration, and the temperature and moisture of the 

compost.  The test results showed that the temperature control error was less than ±0.5°C and the response speed was more than 

0.5°C/h; The control error of ambient humidity was less than ±2% RH, and the response speed was more than 9% RH per hour; 

The moistures at different points in compost ranged from 50% to 70% with a standard deviation of 4.04.  The control accuracy of 

environmental CO2 concentration was within 200 µmol/mol.  The overall performance of the control system was stable and 

reliable, which could meet the requirements of environment factors for the growth of Agaricus bisporus.  The system can provide 

technical support and reference for the automatic and precise control of the environment during the industrialized production of 

Agaricus bisporus. 
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1  Introduction

 

Agaricus bisporus is an edible basidiomycete mushroom.  It is 

rich in amino acids, vitamins, minerals and other substances, has 

the effects to improve human immunity[1].  It is one of the most 

widely cultivated mushrooms with the highest yield and the largest 

consumption of edible fungi in the world[2,3].  At present, more than 

70 countries are engaged in commercial production of the Agaricus 

bisporus[4], which accounts for 70% of the total edible fungus 

production[5].  In recent years, with the gradual improvement of 

people's living standards and scientific diet awareness, the market 

development potential of Agaricus bisporus has been continuously 

improved.  The large-scale and industrialized production of 

Agaricus bisporus has become the inevitable trend and means for the 

rapid development of Agaricus bisporus industry in the future[6,7].  

The efficient growth of Agaricus bisporus requires suitable 
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environmental conditions.  Therefore, it is essential to regulate the 

environmental factors within the most suitable range, to guarantee 

high yield and high quality of Agaricus bisporus in large-scale 

industrial production[8]. 

Many experts and scholars have carried many studies in 

greenhouse environment regulation.  At present, greenhouse 

environment regulation technologies are sophisticated and 

mature[9,10], where hardware has developed from single machine 

control[11] to the Internet of things control[12]; control factors have 

developed from single temperature regulation[13] to multiple factors 

coordinated regulation such as temperature, light, water and 

ventilation[14], and environmental regulation methods have gone 

through single environmental factor control[15,16], integrated 

environmental control[17], model-based decision-making control[18], 

economic optimal control[19], crop information feedback optimal 

control[20,21] and other development stages, the control methods are 

more and more diversified[22]. 

In the field of environmental control of edible fungi, in 1947 

Bels et al.[23] in the Netherlands first adopted the cultivation of 

Agaricus bisporus under the environmental control conditions, 

which opened the precedent of environmental control of edible fungi.  

Then, countries and regions in Europe, the United States, Brazil and 

other countries and regions also started the studies of the 

industrialized production process of edible fungi based on 

environmental control.  Methods for real-time automatic 

supervision and control of the internal environment of the farmhouse 

were developed to create suitable environmental conditions for the 

growth of Agaricus bisporus, and annual stable production was 

achieved.  The studies of the industrialized production of edible 

fungi started relevantly late.  The research on the automatic 

technologies for edible fungi cultivation has entered a new stage, 

and some substantive results have been achieved.  Han et al.[24] 
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developed remote monitoring system using PC machine to 

communicate with the controller via an Ethernet network.  Through 

the secondary development of configuration software, the 

environmental parameters can be collected and monitored remotely 

in real-time.  Kwon et al.[25] designed an environmental control 

system consisting of a heat pump, a thermal storage tank and a 

radiator in a variable opening chamber.  The developed control 

system can be used to cultivate high-quality shiitake mushrooms 

more effectively than a conventional cooler and heater.  Song et 

al.[26] integrated the ZigBee wireless communication technology, 

Socket communication technology, WebService technology and 

Android programming to realize the remote control of the 

environment of edible fungus factory by mobile phone client.  

However, the studies and development of the automatic cultivation 

of edible fungi, especially the environmental control system, is still 

relatively backward.  Equipment optimization and function 

improvement are still needed. 

Overall, the research on edible fungi environmental control 

system is lagging behind, and most of them are for general edible 

fungi.  The environmental requirements of different kinds of 

edible fungi are varied, and the emphasis on environmental 

regulation and control for specific species is also different.  

Compared with other edible fungi, Agaricus bisporus is more 

sensitive to environment parameters.  When the environment is 

out of optimum, the Agaricus bisporus cap turns opened and brown 

easily, which severely affects its commercial value.  Therefore, 

the control of the environment for Agaricus bisporus requires 

higher accuracy.  The existing environmental control system 

cannot meet the need for higher production of the Agaricus 

bisporus.  The current environmental control system only 

considers the ambient parameters.  The studies of integrated 

regulation and control of ambient and compost and the 

corresponding technologies are deficient.  Therefore, the 

development of the environment control system suitable for the 

growth of Agaricus bisporus is imperative. 

In this study, an environment control system for industrial 

production of Agaricus bisporus was designed and developed by 

using multivariable fuzzy control technology.  By combining with 

Agaricus bisporus' growth agronomy requirements, the real-time 

control of the environment factors was realized for the industrialized 

production of Agaricus bisporus, including ambient temperature, 

ambient humidity, ambient CO2 concentration, and the temperature 

and moisture of the compost.   

2  Overall design 

2.1  Objectives of control system 

In the industrialized production of Agaricus bisporus, the main 

environmental factors are ambient temperature, ambient humidity, 

CO2 concentration, compost temperature and compost moisture.  

The growth process of Agaricus bisporus can be divided into two 

stages: mycelium development and body growth.  Different growth 

stages require different environmental parameters which directly 

affect the growth speed of mycelium and the differentiation quality 

and quantity of mushroom body[27,28].  During the mycelium 

development period, the ambient temperature in the mushroom 

house should be maintained at 20°C-27°C; the temperature of the 

compost should be 22°C-25°C; the ambient relative humidity should 

be controlled at 70%-75% RH; the optimum moisture of the 

compost should be in the range of 50%-70%; the concentration of 

CO2 should be controlled at 3000-5000 µmol/mol; ventilation in the 

mushroom house is required.  During the growth of the mushroom 

body, the environment temperature in the mushroom house should 

be maintained at 15°C -22°C; the temperature of compost should be 

13°C-18°C; the ambient relative humidity should be controlled at 

85%-90% RH; the optimum moisture of the compost should be 

50%-70%, the concentration of CO2 should be controlled lower than 

1000 µmol/mol[29,30].  The above-mentioned control range of 

environmental factors is required for each growth stage.  The 

designed environmental control system should be combined with the 

growth and agronomy of Agaricus bisporus to control all 

environmental parameters in a timely and appropriate manner.  The 

control accuracy of compost temperature should be ±1°C; the 

control accuracy of ambient relative humidity should be ±2% RH; 

the control accuracy of compost moisture should be ±10%; the 

control accuracy of CO2 concentration should be ±200 µmol/mol. 

The growth and development of Agaricus bisporus require very 

little light.  The mushroom mycelium and body can grow in dark.  

Under strong light or direct light, the surface of the mushroom will 

harden and turn yellow; the handle of the mushroom becomes bent; 

the cover of the mushroom becomes askew; the quality of the 

Agaricus bisporus decline[29].  The experimental mushroom room 

only needs to provide weak light for illumination.  Therefore, the 

control system in this design does not control the light conditions. 

2.2  Structure of control system 

According to the functional requirements of the environmental 

control system for the industrialized production of Agaricus 

bisporus, the overall architecture of the environmental control 

system is shown in Figure 1.  The control system consists of four 

parts: interaction interface unit, information acquisition unit, central 

controller unit and executive control unit.  The interaction interface 

is a touch screen based human-computer interface, which is 

connected to the central controller unit and used to display the 

real-time information acquisition from the sensors, and set working 

parameters of the entire system.  The information acquisition unit 

includes various environmental factor sensors, through which the 

environment information can be collected.  The central controller 

unit is the core of the whole system, which can receive information 

from sensors, run fuzzy controller algorithms and send instructions 

to executive control units.  The executive control unit includes a 

variety of execution equipment, which changes the environment of 

the mushroom house and makes the Agaricus bisporus grow in a 

suitable environment. 

 
Figure 1  Overall structure of the system 
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The sensors collect the environmental information and send it to 

the central controller, where the collected information is analyzed 

and processed in combination with the setting of a control strategy to 

output the instructions to execution units.  After receiving the 

instructions, the executive equipment works to regulate and control 

the environmental parameters.  The sensors and executive units 

work circularly to keep the environment of the mushroom farm 

suitable for Agaricus bisporus. 

3  Hardware design 

3.1  Temperature control system 

The temperature control of the mushroom farm includes two 

aspects: ambient temperature control and compost temperature 

control.  As shown in Figure 2, the hardware of the temperature 

control system mainly includes an ambient temperature sensor, 

compost temperature sensor, temperature regulating equipment and 

the central controller. 

 
Figure 2  Schematic diagram of temperature control system 

 

The mushroom house environment is humid, and the 

temperature sensor needs to be waterproof.  The system adopted 

RS-WS-N01-2 temperature and humidity transmitter (Renshuo 

Electronic Technology Co., Ltd., Jinan, China).  The protection 

grade of the sensor is IP65, with good rain and snow resistance and 

air permeability.  The RS485 bus based modbus-rtu protocol was 

used to communicate with the central controller.  The temperature 

sensors were arranged on the shelves in the mushroom house.  The 

compost for mushroom growth is a special solid electrolyte with 

capillary porosity.  RS-WS-N01-TR temperature and moisture 

transmitter (Renshuo Electronic Technology Co., Ltd., Jinan, China) 

was used to measure the temperature of compost.  It is waterproof 

with good corrosion resistance.  The probe is a stainless-steel 

needle with strong electrolytic resistance and high quality, with a 

maximum power of 0.4 W.  It is necessary to dig a pit vertically 

with a diameter of about 20 cm and depth of about 12 cm on the 

compost.  The sensor is buried and compacted with compost to 

ensure that the steel needle is in close contact with the compost.  

The industrial water-cooled air conditioner was used as the 

temperature regulating executive equipment.  Its energy 

consumption is low and easy for operation and maintenance, with 

good refrigeration and heating effect and high practicability. 

The central controller takes ambient and compost temperature 

values from sensors as input.  After analysis and processing, the 

central controller sends instructions to the air conditioner to change 

the refrigerating/heating output.  Finally, the environment temperature 

and compost temperature are regulated to reach the preset value.  

The change of compost temperature mainly depended on the heat 

transfer from the air in the mushroom house.  Therefore, one 

temperature regulating execution equipment can realize the control 

of ambient temperature and compost temperature at the same time. 

3.2  Humidity/moisture control system 

The growth of Agaricus bisporus requires humid environment 

and the moisture content of compost should keep at 50%-70%.  

Two separate systems were developed to realize the control of 

ambient humidity and moisture of compost.  

The humidity/moisture control system is shown in Figure 3.  

The working processes of the two systems are similar, where the 

humidity/moisture value is collected by sensors and sent to the 

central controller.  The central controller controls the execution 

equipment to spay fog/water to make the humidity/moisture to reach 

the preset value.  The difference between the two systems lies in the 

difference between the information acquisition sensor and the 

execution equipment.  

 
Figure 3  Schematic diagram of humidity/moisture control system 

 

RS-WS-N01-2 temperature and humidity transmitter (Renshuo 

Electronic Technology Co., Ltd., Jinan, China) was used for the 

collection of environmental humidity, and Kungchung ly-020y 

industrial ultrasonic humidifier (Blueprints Environmental 

Protection Technology Co., Ltd., Shanghai, China) was used to gain 

humidity in air.  This humidifier uses the high-frequency vibration 

of the atomizing sheet to break the water into small particles and 

spray them out.  The water mist was blown to the mushroom house 

by the fan along the pipeline.  The relative humidity could reach 

more than 90% RH by using this humidifier.  The sensor selected 
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for the collection of the compost moisture was the same as the 

temperature control system, i.e., RS-WS-N01-TR temperature and 

moisture transmitters (Renshuo Electronic Technology Co., Ltd., 

Jinan, China).  The spray execution equipment used the 

plastro-FLF atomizing nozzle (Prato Irrigation Technology Co., Ltd., 

Beijing, China).  The atomizing nozzle was equipped with a 

pressure valve to ensure good stop performance.  The average spray 

droplet was 65 μm, and the atomization performance meets the 

requirement.  

3.3  CO2 control system 

Compared with temperature and humidity, CO2 concentration is 

the second most important environmental factor.  The main role of 

CO2 concentration regulation was to inhibit the growth of 

miscellaneous bacteria and provide a suitable environment for the 

growth of Agaricus bisporus.  Agaricus bisporus is a kind of aerobic 

bacteria.  It needs a lot of oxygen for growth and development and 

produces CO2.  The control of CO2 concentration is mainly realized 

by the ventilation execution equipment.  Similar to the temperature 

and humidity control, the CO2 concentration in the mushroom house 

was measured by sensors and transmitted to the central controller.  

The CO2 concentration control system is shown in Figure 4.  

 
Figure 4  Schematic diagram of CO2 concentration control system 

 

Ventilation execution equipment was controlled to make the 

CO2 concentration in the mushroom house reach the preset value.  

RS-CO2-NO1-2 CO2 transmitter (Renshuo Electronic Technology 

Co., Ltd., Jinan, China) was used in the CO2 control system.  The 

sensor is accurate in measurement, condensation-proof, and has 

strong anti-interference ability.  Ventilation execution equipment 

consisted of a fresh air valve, return air valve and air blower from air 

conditioner.  By controlling the opening and closing degree of the 

two valves and the speed of the blower, the CO2 concentration in the 

mushroom room is adjusted for the growth of Agaricus bisporus.  

In the control process for reducing CO2 concentration, fresh air from 

the external environment was sent to the mushroom house through 

the fresh air valve.  In order to ensure the control effect, the fresh air 

valve is connected to the air circulation environment.  

3.4  Central controller 

As shown in Figure 5, the central controller of the system is 

mainly used for receiving and processing data, controlling execution 

equipment and human-machine interaction.  The program was 

written in C language.  In order to control the temperature, humidity 

and CO2 concentration of the environmental control system, 

stm32f103zet6 single-chip microcomputer (STMicroelectronics Co 

Ltd, Geneva, Switzerland) was selected as the controller.  The 

single-chip microcomputer adopts 32-bit embedded processor with 

arm Cortex-M3 core, RS485 communication technology.  Standard 

Modbus RTU protocol was used for communication.  The controller 

receives and processes the information of various environmental 

parameters, and controls the execution equipment.  The breaker, 

relay, current transformer and AC contactor were used together to 

control the high-power equipment safely.  HZ-RF300M frequency 

converter (Hertz electric equipment sales Co., Ltd., Baoding, China) 

was used to control the speed of the fan in the air conditioner by 

changing the frequency of AC power inputted to the motor.  

 
1. Circuit breaker  2. OEG relay  3. Current transformer  4. AC contactor     

5. Power switch  6. Single chip microcomputer  7. Frequency converter       

8. Electromagnetic relay 

Figure 5  Structure of central controller 

4  Software design 

4.1  Control model 

The environmental control system for industrialized production 

of Agaricus bisporus is a complex system with non-linear, 

multi-inputs and multi-outputs.  The continuous change of outdoor 

environment factors constantly affects the condition of environment 

in mushroom house.  The uncertainty is an unavoidable problem in 

the control system[31-33].  Therefore, the control algorithm must 

adjust its parameters in real-time according to the situation of 

mushroom house.  This system adopted the response principles of 

the environmental parameters to establish the fuzzy control model 

for temperature and humidity/moisture regulation.  This controller 

does not need to establish the precise model of the controlled object 

and has strong robustness.  The model is non-linear and 

time-varying, therefore can be used to solve the problem of 

environment control of mushroom house [34,35]. 

4.1.1  Principle of fuzzy control 

The principle of the fuzzy control model is shown in Figure 6.  

When the setting value r is given, the system deviation e is 

calculated by comparing with the measured values f, and the change 

rate of e is calculated as ec.  Then fuzzy processing is carried out to 

obtain fuzzy quantity E and EC.  According to the experience of 

human experts, the control rules are established, and the fuzzy 

reasoning is carried out to obtain the control signal U.  It is then 

defuzzified to get the actual control value u, which is transformed 

into an analog signal through a D/A converter to realize the control 

of the environment parameters.  The state of the control object is 

detected by the sensor, and the analog signal is transformed into a 

digital signal to form a new state value f through an A/D converter, 

and the feedback control of environmental factors is realized. 
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Figure 6  Principle of fuzzy control model 

 

4.1.2  Fuzzy control system 

The environment control system of industrialized production of 

Agaricus bisporus is a multi-factor control system.  The 

temperature of compost, environment temperature, moisture of 

compost, environment humidity and CO2 concentration all affect the 

growth and development of Agaricus bisporus.  The fuzzy control 

system scheme of this system is shown in Figure 7. 

In the process of temperature control, because the mushroom 

grows on the compost, the compost temperature has a greater impact 

on the survival and activity of the mushroom.  Therefore, the 

control of compost temperature takes precedence over the control of 

ambient temperature, and the input value of the control system is 

selected as the preset compost temperature.  The temperature 

control of the compost in this system is realized by changing the 

ambient temperature through the air conditioner.  The ambient 

temperature can affect the compost temperature simultaneously.  In 

order to reach the desired temperature in time, there must be a 

certain difference between the presets of ambient and compost 

temperature, and the difference must meet certain conditions.  If the 

difference between the two preset temperature values is too small, 

the response speed of compost temperature control is slow.  It takes 

a long time to reach the preset value and the control efficiency is 

poor; if the difference between the two preset values is too large, the 

environment temperature may deviate from the environment 

temperature range for the growth of Agaricus bisporus.  In this case, 

the growth and development of Agaricus bisporus are affected.  As 

shown in Figure 8a, before the preset compost temperature is 

inputted into fuzzy controller, it is converted into an equivalent 

ambient temperature value according to the desire response speed of 

compost temperature control and the temperature range of Agaricus 

bisporus.  The conversion equation is shown as Equation (1) as  

follows: 
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min,       min
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T
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est st st
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   (1) 

where, sts is the preset temperature value of compost, °C; stc is the 

actual temperature of compost, °C; est is the temperature deviation 

(preset value minus actual value), °C; R is the conversion factor, 

when R=0, T=sts, the response speed of the system is the slowest; T 

is the temperature value under the condition of considering response 

speed, °C; max is the upper line of temperature for the growth of 

Agaricus bisporus, °C; min is the lower line of temperature for the 

growth of Agaricus bisporus, °C; ets is the equivalent preset ambient 

temperature of the system, °C. 

 
Figure 7  Fuzzy control system for environment factors of Agaricus bisporus 
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After the preset value of compost temperature and response 

speed are determined, preset environment temperature (ets) can be 

calculated by Equation (1).  The fuzzy control model took ets as 

input, and then the temperature of compost was indirectly controlled 

until the actual temperature reached the expected effect. 

In the process of humidity control, there is a cross coupling 

between the moisture of compost and the environment humidity.  

The water evaporation of the compost changes with the moisture of 

compost, which leads to the change of the environmental humidity.  

Vice versa, when the environment humidity changed, the water 

molecules in air will also change the permeability of water in the 

compost.  This has an impact on the moisture retention of the 

compost.  If the coupling effect between the temperature and the 

substrate is neglected, the control precision will be affected.  In 

view of this, the humidity control system adopts the ambient 

humidity/compost moisture decoupling strategy, which consists of 

two separate fuzzy control units and a fuzzy decoupling unit.  The 

fuzzy decoupling unit is used to decouple and compensate the two 

main circuits of compost moisture and environment humidity.  The 

influence of the coupling circuit on the two main circuits is 

eliminated.  Compost moisture and environment humidity were 

controlled independently.  As shown in Figure 8b, the fuzzy 

decoupler is a dual-input and dual-output fuzzy controller.  The 

input e1 is the moisture deviation of the compost, and e2 is the 

environment humidity deviation.  According to the prior fuzzy 

decoupling rules, supplement values for the compost moisture 

control and environment humidity control are obtained by the fuzzy 

decoupler.  Both supplement values were superimposed with output 

values of their original fuzzy controllers, and the final control 

quantities were obtained[33,36]. 

 
a. Reasoning of control value of compost temperature 

 
b. Schematic diagram of fuzzy decoupler 

Figure 8  Inference and decoupling engine 
 

In the process of CO2 concentration control, the sensor monitors 

the CO2 content in mushroom room in real-time and compares it 

with the preset value.  The deviations of CO2 concentration and the 

change rate of deviation are used as the input of fuzzy controller.  

The control signal of ventilation execution equipment is obtained by 

fuzzy reasoning.  Through the control of ventilation execution 

equipment, the actual CO2 concentration can reach the preset value.  

The interference of CO2 concentration control mainly comes from 

the external environment out of the mushroom house.  The 

ventilation execution equipment needs to inhale the external air 

during the control process.  The control speed will be affected by 

the CO2 concentration in external air.  When the external air CO2 

concentration is low, the control speed is fast, and the mushroom 

house CO2 concentration can reach the preset value in a short time.  

On contrary, when CO2 concentration in the external air is high, the 

control speed is slow, and the CO2 concentration in the mushroom 

room takes a long time to reach the preset value. 

4.2  Software workflow 

The main system software workflow is shown in Figure 9.  

After the system is powered on and initialized, the preset values of 

each environmental parameter should be set.  

 
Figure 9  Flow chart of environment control system for 

industrialized production of Agaricus bisporus 
 

There are two modes to set them.  One is to set parameters 

manually, that is, the preset values of each environment are set 

according to the intention of the operator.  The other is to set 

parameters automatically, that is, to set the preset values of each 

environment automatically according to the pre-stored settings in the 

system.  After the parameters are set, the system begins to receive 

the data collected by various sensors, and calculates the deviations 

and change rate of them for each environment parameters.  These 

values are used as inputs to enter the fuzzy control system for fuzzy 

processing and fuzzy reasoning to obtain the control output.  The 

execution equipment works according to the control quantity.  The 

human-computer interaction interface displays the real-time data 

and running parameters of each environmental factor.  Finally, the 

actual values of each environmental factor reach and stabilize to 

preset value. 
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4.3  Interaction interface 

The interaction interface is mainly used for the display of 

real-time data and the setting of system parameters of the system, 

mainly including the main page, fault processing page, operation 

status page, and parameter setting page. Some interaction interface 

pages are shown in Figure 10.  

 
a. Main page 

 
b. Setting page 

Figure 10  Interaction interface 
 

All inputs can be done with the touch screen.  When users start 

to use it, they can check all environmental parameters in real-time.  

According to the actual environment condition of the mushroom 

house, the system can be started after the mode selection is set.  The 

fault handling page is mainly used for overload protection and alarm.  

The information page can display the working conditions of 

execution equipment and monitor the operation effect of the 

execution equipment.  The parameter setting page is mainly used to 

set various parameters of the control system, display the parameter 

items, and select and set the given items of the software.  

5  Experiment 

In order to verify the performance of the environment control 

device and system for the industrialized production of Agaricus 

bisporus, an experiment was conducted in the mushroom production 

laboratory in Henan University of Science and Technology, China 

from September to October 2019. 

The control system was verified and tested during the actual 

growth process of Agaricus bisporus.  The layout of the laboratory 

is shown in Figure 11.  The laboratory is 6.5 m in length, 4 m in 

width and 4 m in height.  A shelf made of metal was used to grow 

Agaricus bisporus.  The mushroom shelf is 4.5 m long and 1.4 m 

wide.  It has three layers, with a spacing of 0.5 m between each 

layer.  The mushroom shelf was located in the central area of the 

mushroom house.  The air supply outlet was located above one side, 

and the end was connected to a horizontally arranged air collecting 

bag with air outlets on it, so that the flowing cold/hot air can flow 

through each mushroom layer evenly. 

 
1. Air outlet pipe  2. Fog outlet pipe  3. Compost  4. Relief window  5. Sensor  

6. Humidifier  7. Air conditioner  8. Return air window  9. Fresh air window  

10. Observation window  11. Mushroom shelves  12. Walls 

Figure 11  Layout of Agaricus bisporus production laboratory and 

experiment setup 
 

For each environment factor, 9 sensors were used to monitor it.  

As shown in Figure 11, there were 3 installation positions in each 

layer, and they were points that cut the layer into four equal 

sections, i.e., points of quadrisection.  Data from those 9 points 

were averaged and feedback to the system to control the 

temperature, humidity/ moisture and CO2.  The sensors were 

connected with the PC via RS485 bus to transmit the data. 

The control effect of environmental factors in mushroom house 

depends on the control precision, control efficiency, and control 

stability of the system.  When the control factor enters the 

allowable error rang and continues to fluctuate within the range, it 

is considered that the system enters a stable state.  The error 

ranges of culture soil temperature, environmental humidity, culture 

soil moisture and CO2 concentration were ±0.5°C, ±1% RH, ±10% 

and 200 µmol/mol, respectively.  The control error in the steady 

state of the system was used as an index of the control accuracy.  

The control efficiency is investigated with the system response 

speed which is defined as: 

= 

| |

s

s c

es
v

t

es s s




  

                  (2) 

where, ts is the minimum time for controlled environmental factor 

entering and staying within the error range (s), i.e., system 

adjustment time; es, ss and sc are the change of environmental 

factor, the difference of preset and error range, and initial values of 

environmental factor, respectively.   

The control stability is investigated with uniformity of 

controlled environmental factors.  The control uniformity of 

environmental factors is investigated by average value and standard 

deviation value of environmental factors at each point in mushroom 

shelf.  The smaller the value is, the better the uniformity of 

environmental factor control. 

5.1  Temperature control  

5.1.1  Temperature control accuracy 

The test was carried out in October 2019.  Firstly, the preset 

temperature of compost was kept at 21°C.  After the system was 

stable, the ambient temperature was 20.4°C, and the temperature of 

compost was 21°C.  Then the preset temperature of compost was 

set to 18°C.  The control system was going to increase the cooling 

capacity to adjust the temperature.  During the cooling process, the 

temperature value was recorded every 5 min until the environment 

and compost temperature were stable.  The records of temperature 

are shown in Figure 12. 
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Figure 12  Environment and compost temperature control process 

 

Figure 12 shows that the ambient temperature dropped faster 

than that of the compost.  The temperature of the compost is 

indirectly controlled by the heat transfer from the ambient 

temperature.  The temperature drop of the compost lags behind the 

ambient temperature, and the ambient temperature drops faster, 

which conforms to the control theory mentioned above.  When the 

actual value was far from the preset value, the temperature 

regulating equipment operated with high power.  The temperature 

decreased rapidly to improve the working efficiency; when the 

actual value was close to the preset value, the temperature regulating 

equipment operated with low power to avoid overshoot.  Therefore, 

the decrease of ambient temperature was fast first and slow then, and 

the temperature change tended to be stable when it dropped to about 

17°C, which was the preset value of environment temperature, 

which was obtained by the system's independent decision-making 

by Equation (1).  When the temperature difference was large, the 

temperature of the compost decreased a little faster; Finally, the 

compost temperature was stable in the allowable error range, and the 

response speed v was about 0.56°C/ h. 

Compared with the other systems for monitoring and 

controlling environmental temperature, this system has the 

advantage of higher accuracy for temperature control of compost.  

Especially in the fermentation stage, if the temperature control of the 

compost does not meet the requirements, it will lead to incomplete 

fermentation, slow or even stagnant hyphal growth, which will 

affect the emergence of mushrooms.  In the growth stage, if the 

temperature of compost does not meet the requirements, it will affect 

the differentiation quality and quantity of fruiting body.  The 

temperature of compost directly affects the mycelium development 

and fruiting body growth of Agaricus bisporus.  The environment 

temperature mainly affects the space temperature of the fruiting 

body.  It is difficult to meet the requirements for normal growth of 

Agaricus bisporus only by regulating the ambient temperature.  

Therefore, the control system for compost temperature proposed in 

this study can ensure the efficient production of Agaricus bisporus. 

5.1.2  Distribution of ambient temperature 

After the ambient temperature of the mushroom house is stable 

around the preset value, the air flow speed at different points in the 

mushroom house is different due to the different layout positions 

and sizes of the air supply outlet and air return outlet in the 

mushroom house.  The air flow is fast near the air supply outlet and 

air return outlet, and slow if it is far away.  It is necessary to test the 

distribution and change of the environment temperature of the 

mushroom house after the temperature is stable, as well as the 

accuracy and consistency of the data.  The test also was carried out 

in October 2019.  The preset temperature of the compost was kept 

at 21°C.  When the ambient temperature tended to be stable, the 

ambient and compost temperature was measured every 5 min for 

840 min.  The temperature parameters of the environment and 

compost are shown in Table 1.  
 

Table 1  Statistics of temperature values in different positions 

of mushroom bed 

Sensor location Minimum value Maximum value Mean value 

First layer 

S1 20.0 20.2 20.11 

S2 20.0 20.1 20.04 

S3 19.9 20.1 20.03 

Second layer 

S4 20.3 20.5 20.40 

S5 20.0 20.3 20.22 

S6 19.9 20.2 20.06 

Third layer 

S7 20.0 20.2 20.04 

S8 20.0 20.1 20.05 

S9 20.2 20.4 20.27 
 

Through the analysis Table 1, it can be seen that the 

environment temperature values between monitoring points have 

little difference after the system-controlled temperature is stable.  

The difference between the maximum value and the minimum value 

of ambient temperature was less than 1°C; the difference of ambient 

temperature averages between points was less than 0.5°C.  The 

temperature difference between layers was not obvious.  The 

uniformity of the temperature distribution in the mushroom room 

was good, which indicates that the arrangement of the return air and 

air supply device was reasonable, the air fluidity and circulation 

were good.  

5.1.3  Distribution of compost temperature  

To verify the uniformity of compost temperature distribution, a 

temperature probe was used manually to measure temperature and 

moisture in different positions of the compost.  The portable soil 

thermometer is Delta Trak 11063 Probe Thermometer (Delta Trak 

Inc., Pleasanton, USA).  The temperature measurement range is 

−40°C-155°C, the accuracy is ±0.5°C, the resolution is 0.1°C, and 

the waterproof level is IP56.  

During the normal growth of Agaricus bisporus, the preset 

temperature of compost was kept at 21°C.  When the temperature of 

the compost measured by the system was stabilized, 24 points on 

each layer were measured.  The temperature distribution map is 

shown in Figure 13. 

 
Figure 13  Temperature distribution of compost at different 

positions in mushroom bed 
 

Figure 13 shows that the compost temperatures of different 

points are also similar after the ambient temperature is stable at 

about 20°C, where the maximum temperature value is 21.3°C, the 

minimum temperature value is 19.6°C, and the maximum 

temperature difference between different points is less than 1°C.  

The compost temperature fluctuated within 0.5°C which meets the 

design requirements.  In general, the temperature distributions of 
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the second- and third- layer mushroom were more uniform.  The 

temperature of the middle region of the first layer was higher than 

the other regions.  The main reason was that the first layer was far 

away from the air outlet, and the compost in this region was in little 

depression, and the flow of the cold air was influenced to a certain 

extent.  The lowest temperature of compost appeared on the short 

side of the second layer due to the high wind speed in that area.  The 

average temperature of the first layer was the highest (20.4°C) and 

the second layer was the lowest (20.2°C).  The difference between 

average temperatures of layers was small and the distribution 

between layers was uniform.  The analysis shows that the 

temperature distribution of the compost in the mushroom house 

environment is uniform, and the system control effect is good. 

5.2  Environment humidity control 

This experiment was to verify the accuracy and efficiency of the 

environmental humidity control system.  The test began in the 

transition phase of the growth of the mycelium to the fruiting body.  

The initial humidity of the environment was 74.8% RH and the 

target humidity of the environment was 85% RH.  The humidity 

value was recorded every 5 min for 400 min.  The data records are 

shown in Figure 14. 

 
Figure 14  Test results of environment humidity control 

 

Figure 14 shows that the response speed of environmental 

humidity is fast.  The response speed v was about 9.86%/h.  It took 

about 56 min rising to the stable stage of the system and kept within 

the error range.  After the humidity value was stable, the highest 

and lowest environmental humidity was 85.2% RH and 84.1% RH, 

respectively.  The upper and lower range of the regulated humidity 

difference was less than 2% RH.  The control process of ambient 

humidity was fast and the control effect was good.  There were two 

humidity troughs in the stable stage of environmental humidity, 

where the humidity values were 84.2% RH and 84.1% RH, 

respectively.  The reason was that the humidifier was gone to stop 

working after reaching the preset value.  The air continued to 

circulate and the environmental humidity drops.  The humidifier 

was gone to continue to work when it drops to the trigger value.  

The difference in environment humidity control was less than 2% 

RH, which meets the requirements for the growth of Agaricus 

bisporus. 

The traditional method is to increase the environmental 

humidity by sprinkling water on the floor and walls of mushroom 

houses.  This method can effectively improve the humidity of 

mushroom room.  However, the utilization rate of water is low and 

the loss of water quantity is large.  And soaking the wall and the 

ground for such a long time will shorten the service life of 

mushroom house.  Too much water on the ground is also easy to 

breed miscellaneous bacteria, increase the cost of treatment of 

miscellaneous bacteria, and affect the yield of Agaricus bisporus.  

The system adopts the atomizing humidifier to increase the moisture 

of the mushroom house.  The humidification effect is good; the use 

of water is reduced; the energy use and control are efficient. 

5.3  Compost moisture control 

To verify the uniformity of compost moisture distribution, 

Jk-100f soil moisture probe (Youke Instruments Co., Ltd., Xinghua, 

China) was used to measure the moisture of the compost in different 

positions.  It uses a high cycle scanning method to measure soil 

moisture, with a measurement range of 0-100%, resolution of 0.1%, 

and accuracy of ±0.5%.   

The growth and development of Agaricus bisporus have a high 

requirement on the moisture of the compost[29].  In order to test the 

effect of compost moisture control system, the test was carried out 

after the compost was covered with soil on October 9th, 2019.  

When the difference between the preset value and the actual value of 

the compost moisture was large, the spray system was turned on.  

After absorbing water, the measured value of moisture rose 

gradually because of the slow water infiltration rate of compost.  

The equipment continued to spay until the measured moisture was 

close to the preset value after the compost fully absorbed water, and 

the sprinkler equipment stopped working.  Similar to the test of 

compost temperature control, the moisture of compost was recorded 

at different points on the mushroom shelf.  24 points were measured 

evenly in each layer, and the results are shown in Figure 15. 

 
Figure 15  Test results of control of compost moisture 

\ 

Figure 15 shows that the uniformity of moisture distribution of 

compost is poor.  The highest and lowest moistures were 69.9% and 

50.9%, respectively.  The difference between them was 19%.  The 

minimum moisture had exceeded the moisture range required by the 

compost.  The spraying uniformity of spray equipment was poor.   

All the test points were in the optimum moisture of compost, and the 

standard deviation after spraying was about 4.04.  The compost 

moisture meets the growing demand of Agaricus bisporus.  

Because the spray quantity of sprinkler was difficult to control 

accurately, the moisture uniformity was poor.  The coverage area of 

each sprinkler was uncertain and might be intersected, which leads 

to high moisture content in some areas.  Leakage spraying occurred 

in the low moisture area.  Overall, the uniformity of moisture 

distribution was poor, and the spray equipment needed to be 

improved.  In the future, studies should focus on the technologies 

for precision control of water pressure in the sprinkler pipeline, as 

well as the design and development of variable sprinkler.   

5.4  CO2 concentration control  

During the growth of Agaricus bisporus, oxygen is constantly 

consumed and CO2 is discharged.  Therefore, the main task of the 

control system is to control and reduce CO2 concentration.  Test of 

CO2 concentration control was conducted on October 19th, 2019 at 

transition stage from mycelium growth to fruiting body growth.  At 
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the beginning of the test, the CO2 concentration value was     

3120 µmol/mol, and the control target was set to 1000 µmol/mol.  

The CO2 was continuously measured for 265 min using 9 sensors, 

and the data were read every 5 min.  The test results are shown in 

Figure 16.  

 
a.  First layer 

 
b.  Second layer 

 
c.  Third layer 

Figure 16  Test results of CO2 concentration control 
 

Figure 16 shows that the CO2 concentration decreases to about 

1500 µmol/mol within 265 min during the monitoring period.  CO2 

concentration was reduced rapidly in the regulation period, and the 

control efficiency of the ventilation execution equipment was high.  

The decreasing trend of CO2 concentration at each monitoring point 

was close, which indicates that the air flow in mushroom room was 

fast and the control stability of the system was good.  The 

ventilation execution equipment worked well in the process of 

operation.  The air cycle was rapid and comprehensive, and the 

distribution of CO2 concentration was uniform.  The difference in 

CO2 concentration at each monitoring point was small.  At the same 

time, the difference between the maximum and the minimum was 

less than 200 µmol/mol. 
 

6  Conclusions 

(1) In this study, a set of environment control systems for 

industrialized production of Agaricus bisporus was developed, four 

sets of control equipment were developed, and three fuzzy 

controllers were designed to realize the monitoring and control of 

five environmental factors.  The system can accurately monitor and 

control the environmental factors in mushroom house. 

(2) The main controller used three fuzzy control strategies to 

control the environment factors of the mushroom house to eliminate 

the coupling effect between factors.  The control effect fully meets 

the environment required for the growth of Agaricus bisporus. 

(3) The test results showed that the temperature difference 

between different points of the compost was less than 1°C, the 

control accuracy of compost temperature was less than ±0.5°C, 

response speed was 0.5°C/h.  The response speed of environmental 

humidity was 9.86%/h, humidity control error was less than ±2% 

RH; The moistures of different sites of compost were in the range of 

50%-70%, the standard deviation of water content after spray was 

about 4.04; The control accuracy of CO2 concentration was less than 

±200 µmol/mol.  The overall performance of the designed 

environmental control system was stable and reliable, which could 

meet the requirements of environment factors for the growth of 

Agaricus bisporus.  
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