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2.1. A 24 AAH"E 74

N = Ay fa AVIE A A
Mastu sl FEEF (37 44 AT HAEesz 13 At
) ol e vd24S Figure 17 Zo] AA 9 5313t

AE LAY fHRE= 70 m? 5 W X 14 L, molw 21

AEIES Aolshs @407 8 PCAE A Helgl: Aleleh A
o] A AMFE whield k.

Aofiol &4 U A AF AE/ES Adshs #AAL
Aol Qi o Ak W U ANE Bal QolAE 24 ey
Hole & A5k A4 wsst AHso] gk,

Weather station
(Temp, Hum, Solar
radiation)

Inside sensor
(Temp,Hum,CO,)

o B\ . curtain
Control 1 1 - Controlling

system

n . el
mane
- E =

: Weather station
Front & Inside console

Figure 1. Monitoring sensors and environmental control actuators
included in the greenhouse.



HolEE FHEsE Al =E=2+E Raspberry Pi (Model B+,
Raspberry Pi Foundation, United Kingdom)#+ Micro PCE
o]-&3tlth(Figure 2). AHsA 9T 4 Sli= Micro PCol™ =pA|st
A AFeFS Table 19 dalslsdtl. A4 »==921 Raspberry Pig &3
-AlA el ] R-714 o] HiolelE AAste] o5 Edo] Hal® PCE
FAlet7] Aol Aetes 9= g

Extended 40-pin GPIO Header

2.4GHz/5GHz Wireless LAN
Bluetooth Low Energy v4.2(BLE)

MicroSD card slot @

MIPI DSI

L]
display port 5
- Al

/

Power supply

i Full Size
requirements
5?//2 5A DC HDMI MIPI CSI
’ camera port

Figure 2. Features of the Raspberry Pi 3.0 model B+.

==

R

‘[\. Gigabit Ethernet

4-pole stereo audio

Table 1. The specification of Raspberry Pi 3.0 model B+

Raspberry Pi (Model B+)

CPU Quad—core ARM A53 @1.4GHz
Memory 1GB 64 —hit
Power 5V 3A
Networking Gigabit Ethernet, Wifi
GPIO 40—pin GPIO header

Ao 229 FAEIY] AHHEES R XA E X Zo] =
30x500%x50 cm’o 2 AAstH(Figure 3). Auiel Algd wjA|+=
gdad= dwulx] A|FQl Grodan WIAE ARESFATE & A
Mol 45 - 85 % HWflelw A Jhed FHE Aot AN
PR XA R X0l = 20x120%X7 cm’Y AV|Z WHE I F G 4719
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F1gure 4 Inside of the single—span greenhouse. (a)Control space,
(b) experimental space
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Table 2. Time slots for the greenhouse climate control operation and the
target temperature for each time slot

Time slot Target temperature(°C)
P1 -1 hour before sunrise 17
P2 1 hour before sunrise — 2 hours after sunrise 17 - 24
P3 2 hours after sunrise — 4 hours after sunrise 24 - 27
P4 4 hours after sunrise — 4hours before sunset 27 - 29
P5 4hours before sunset — sunset 29 - 24
P6 Sunset — 00:00 20-17

*sunrise: 07:00, sunset: 19:00

35 4 —Target

P1 P2 P3 P4 P5 ——Heating(min) P6

—YVentilation{max)

30 A

25 -

20

Temperature(°C)

15

0 | r@- | , , x

12:00 AM 3:00 AM 6:00 AM 9:00 AM 12:00 PM 3:00 PM 6:00 PM 9:00 PM 12:00 AM
Time(hour)

*sunrise: 07:00, sunset: 19:00

Figure 5. Greenhouse temperature control profile for each time slots
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Figure 6. Greenhouse heating and cooling system.
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Table 3¢} #t}.

Table 3. The specification of ventilation motor and fan.

Roof, side curtain motor
Keeper KOS4060

Voltage: DC24V

consumption:

Power
4

W

8

current

Allowable

ampacity: 2.5A

Rpm: 4rpm

Voltage: AC 220V

consumption

Power
200W

Air volume: 4080 m®/h
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ZpAgE Al Table 48} Z .

Table 4. The specification for heater and heating curtain motor.

Electric heater
GNHP-0910
— Standards: 380V three—
phase four—wire system
— Power consumption:
10kW

Heating curtain motor

Z0S5150
— Voltage: DC24V
— Power consumption:
48W
— Allowable current
ampacity: 6A
— Rpm: 2.5rpm

2.1.3. AA 4 doly HE 4

&7 AsE s 24 deHe &4 dHelHEs FA5she IoT
Al ~Ee] AeRETE ofgfel ol SRl 9] F71dd (Figure 8,
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Figure 7. Overview diagram of the 10T based control system.

Figure 8. Vantage Pro 2 (Davis Instruments, USA)

Table 5. The specification of the Vantage Pro 2 weather station.

Measurement .
Resolution Accuracy
range
Temperature —40~65TC 0.1C 0.5C
Humidity 0~100% 1% 3%RH
Radiation 0~1800W/m* 1W/m? 5%
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Figure 9. SH-VT260 (Soha—tech, KR)

I
\

Table 6. The specification of the SH—VT260 sensor detecting
temperature and humidity and COs.

Measurement Accuracy Response
range time
Temperature —25~85T *£0.3% 5~30sec
Humidity 0~99% = 2%RH 8sec
+3%
CO2 0~3000ppm (Proportional to

measurement range)

2.1.4. 10T ¥4 &4 74

Node—RED+ 3sl=9¢] #AX%E, application programming
interface (APID), Sglol AU A AFEQ1E] Y 9] Q]
sfololg (i dE) A1 7171 913l el IBMo] 7Nt AlZf RIS
o] 3 =TIt Node—REDE QlHU& o 47 42 7F5sha,
gers 4Agel Qe shssel b AgolE otk oldw

AAES gon B AT 47 AeE A% T /1 £

AAsH=E Slo] Node—REDE AF2QIE Hlo] A4 414 st
24 W AP, W, BF, 237, 0dH ne AR A

AE ol ~E Figure 103 ol TH}GR AHE Bl ASHE
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neural network (RNN)% “}0] A}J‘lfﬂ‘ﬂr SstAIRE 9027k A

E3e] 97kA] HolEE 90x99 FERE 2D o|n|A|3

T Atk CNN2 = o] 9] 5%]% FEote
TRt FaoR uyrt. 5AE FES 992 convolutional
layer®} pooling layer®E o8] @ %= e|Z A FEY.  convolution
layeroll A wtd3st @A 3 k== + Rectified Linear Unit (ReLU)E
AF8-3+9 . Pooling layer= average poolmg—g A3 B
ATolHeE 54 FEAEAA ey 98 ] 71 S8 AAEE S
g =5 FEXOFE A A 7] dropouts ESHA Z T

CNN9| upx|g} B Eo= BFE 3% fully connected layere
flatten layer®} dense layer® 7/ ¥t} Flatten layer= CNNE| do] €
E}9] S fully connected neural network® HEjZ HA 3= @ ojojo|t}.
B o= 2719 dense layer®E TSR =Y AWHA  dense
layer®] @ATIFZE= ReLUE AL, WA dense layers
linear &4 & AFEStY] HFHo=R 2% HolH dVAE &
HE YWEE 3 Y (Figure 12).

) [‘1

Time{0-1440 min)
Inside
temperature(T,,)

Inside humidity(H,,) B &
Inside CO2(C) g s
Outside =1 = —
temperature(T,,) - — ’ - g H O
Outside g H
humidity(H, ..} e Inside
Radiation(Rad) temperature
Wind velogity(V,,.,) (after 30 min)
Wind direction(D,n)
[E— s f [ s e s
Convolutional Convolutional ~ Average pooling Convolutional  Average pooling Flattening  Dense layer Dense layer  Output layer
layer layer layer layer layer
Units =128 Units =1
Filters = 128 Filters = 128 Pool size =41 Filters = 31 Pool size = 2°2 Activation = Relu Activation = linear

Kernel 22 Kernel 2°2 Kernel 2°2
Activation = ReLU Activation = RelLU Activation = ReLU

Figure 12. An overview of a convolutional neural network (CNN)
architecture.

2.2.2. g&oolEd o= g st

g dolgel met dq5R"E Aeo]l dukxEE 7 AE9
HolHE E3AA t& g5 toly Mg delste] BEE /sl
¥ 22 (4€ dolg), 2¥ 2 (4¢,11¢ dolg), 31 2 ¢4¥, 11¢€
1€ dolg) e Z2t bg& deolg AlE o]gste] Rds Jdeidith
498 H, 11¥€2 7HE, 1€ ALY doly AlojH, ﬂ%ﬂ‘%%
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2.2.3. P—band A%}

=AM e AR E FEeA ded F 2% FE o=
ofgfjstil #Eo] FIAAEE AT HAY dF= 2L F ARF
TE715 Alofste Jolv(EE=XNEH, AvtE A Zhol =kl

2018).
P—band A|oj+= On/Off Ao} 74 =
AFgE = Aol9 o]tk On/Off Aloje= s A4 ghEth o

AFsHn FOW AEBS WHE Adelth W wE AGAE)

20 Mg AAW Lk 4 gl EERS 49 wRdow
AEe 7] Wil V4402 Reg 2% & 9tk P-band Aol
A% 44 gt 2% Aol wdAsel AolE: FAF] W)
On/Off Alelntk 473 gkl $8 + ek FHol vk

2.2.4. AF 7Nk Ao daglF

2 AT st o= Aol &% Equation 12 X33
= ol 52 78t o A It 2019 Al e AupE
AG 4870l AAIE P-band AJE 7RISR o5 Ee] st
&S F71ske] e Qltl. P—band AlojAe Ay =3 19 oA
He A9 #Zo] gyl A5E AT 5 e #s71E9 AlodE S
AAE R, 2F719F F712] Aol On/Off AlolE G35kt

71E] AA AEE FE SHHIE @A UY 2% g e a3
P—band#lol= S4E& stal Alo] s#tol So]77]74-A] AlFo] A9 5o
wASHA =7 Aeete Tkl &l dojus Tk =7
=t 51 *EE W HEgH AE7E Bkt Aol A

M o= A AF2Ee] Ud JHEAE ey il

wAT 2% ®3tE dS5sta olE Alojel WIFoEH =7}
weste el #FAsrlE vE AEstAY VIERT u Eol
A A AEA N vEld EAES wHad £ Qe Fow
R},

AAE A5 Ao AEA AFd K le AT @ 1=
TAFHA dFA] AFed K2+ 0.1, 0.2, 0.302 Z7HAAA
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mdd &8FQ
w] o] P—band

[{Kp1(Tin — Trarget) + Kp2(Tprea — Trarget)}/Pband] X Operating time (1)

where,
T;, = inside temperature
Ttarget = target temperature
Tyrea = predicted temperature
K,1 = the proportional gain
K,2 = the prediction gain
Pband = band with index

2.2.5. AA Ao 4

AA AMAE A5 BEE T FHHE dF 2EE AdFS2E
714k2] P—band Alo]Ae] A zto =z 2 g3l7] 93 EAEE Figure
137 o] uepilnh. uFAAel SF7IdtE Sl 90% HE5H
87FA] A (N HLE, UH55E, CO2, YHeE, REE, At 5
FTH L ARJAAAA F 97A AA7E dEEEe]  ¢jEo]
AR A FFAY 2x WEE B w9 dgsy] 9
0~14399 144078 dlolg 2oz dFPIt;, AAZ oF mdS

o Rdlo] F& sto] 30%

FH 90wt 4" dHolHE VHlew o5 B

Hel 24 UF 2% #Es 295 s Ha, dld A5 @s 2A4S
Alojet= PCol FAlaAl €t o5 2% s w2 Alo] PColA & &
Ao Agst o 7]Wko] P—band AlAA ] oF 255 A
Hi HFAOE Zs7)e FF Agte] AAEH. wekN AEVIES
oS 2ro e Este] v w2 Ak AASHA dd 7
2E 7159 Hd F&AAZEE Table 70 ®AIEAT
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<Inputs>

_ Time <Actuators>
Inside temperature
Inside humidity Roof vent
Co, Side curtain
Outside temperature Fan
Outside humidity Heater
Radiation Heati rtain
Wind velocity eating curtal
Wind Direction -

Operating time(sec)

\ J
Temperature _ Inside Tpred N D_E\{eloped
rediction model > temperature | Prediction control
L (after 30 min) formula

[{Kpl(Tin - Tmrgct) + sz(Tprm - Tmrget)}/Pband]
X Operating time

Figure 13. Overview of the real—time prediction system.

Table 7. Greenhouse actuators and maximum operating time.

Actuators Maximum operating time (sec)
Roof vent 60
Side curtain 170
Heating curtain (vertical) 200
Heating curtain (horizontal) 210
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RMSE = \/%Z}Ll(Tin — Tprea)? (2)

where,
T;y, = Inside temperature

T

prea = Predicted Temperature after 30 minute

o]F AgAoe} o= Aol AT nluE s FEAE
A7H(4/9~4/14) H&sF 1 o]F o F Aojel AFE  0.1¢A4

6

0.47F4 W3S Fr 4U7H(4/19~4/22) IS APt 1 =
QRIIA xR0l 4 AR ol 49 99 49 1992 AAHsI 1
Aee vustln. o5 Edo] ARgd dlojE= AY 2AHA 1%
AR FHS5H 49, 112, 129 deolg oF 56,000707F AFE-= Sl
&5 70 %, A5 30 %9 vlE&xE Edo] /dE i

2.3.2. A= 714 AAZE Ale] A5 B7h

AAZE A0l e BUEE Sle 2
Al 2 elA 49 2745 H 582974 F 6943 AdE JFsinh
AgE 2 Aol AR A5 7
1, 0.2, 0322 F#7i 747 ol&¥ TAHH L

Aol s BIIRE T O27HA SWelA 1 Aes vlastax

S EntgEo 2% X Z3e (Table 2) &

VElo® dF Aojg Fyd A UF X9 HX2E° RMSEE
T BXEEE ZHEAY

sgsd e el 9RE ARG yERS P gAshs

overshoot = ¥ 1 (Trarget — Tin)
undershoot = X1 (Tearget — Tin)

(3)

error = {

where,
n = Minute, if (Ttarget - Tin) >0
m = Minute, if (Ttarget - Tin) <0
Ttarget = Target temperature

T;n, = Inside temperature
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49 dlolg Aol 1E, 44¢, 11¢ delg A9 29 &, 4
1149, 149 dolg A 3w Rds 7gsiia 7F A5 Zde] o5
al

%S RMSEZ H]w3t3d

5d7te dlolH 2 HFE st

1 mdo A7 R 0.92, 261 mdel A47F R*E 0.9,
39 Rl AAAS R*= 0912 7 2d ¥ A3 Asode 2
kol 7 ATk 2t BEe oS5 Aes ATsH] fldE ghgel ARSEA
U2 20229 1€ 229%F 1€ 2647049 HolE & ARg3te] it
3708 d5 BE s Hlwstaa stk (Table 8). 19 Fels} 29
zdo] RMSE+ 27 10.49T, 957C=E =4 vehd vbd 33 mdle
RMSE7} 4.7C3iv. 1€ d©olel Aoz FHIFE& a7 wiel
HlwA oz 1492 F2 Ao dist dlojg Aol RZHPd 137 2%
LA Hl el

T el A EE dF Aol 3w EEe

Hojx = S Buh wbd 49 119, 199 BE A dHolE

Aow dFHeh 3W 2o A9 149 HAF dolE Alel dis]l RMSE
o

ol% B3 S dlolE Mol ol Absw ARRe dolE AL
EFetel A5 Aol A Agel Yo FUBL AT 5
glth. olF AA FAel oF mue AgANTY AgenA o
249 ARE dolel7t Fufofof ME A go] sbssta wep A A
dolel7h HrEx Loty AgAelz £Ag TEete] 1\
dold rst Wede o &

Table 8. CNN based temperature prediction model performance
according to different data set.

md g5 R 1€ H2AE do]8 RMSE(T)
19 e 0.92 10.49
oW md 0.9 9.57
39w 0.91 4.7
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3.2. AN &% 9= N F

N

4§ P-bandAlo]E T3t T 2 AFelA JES 2% A5

S 33t A3} Figure 143} Figure
159 22 A7t usich 2€3 49 F Wl AL 77 RMSE
2.2 C,29 C9 Hss HSH

* Inside temperature Predicted temperature
30
RMSE 2.2°C

025 - / »
K : '/ } /A Y
: J
s 20 - s ‘ﬂ ) ‘g #
: L L
o .
§ 15 - "ﬁ o NP PN : we Pohs
& ' -y

10 T T T T T

2/15 2/16 2/17 2/18 2/19 2/20 2/21 2/22

Time(day)
Figure 14. Real—time prediction performance results (2/16 to 2/20).

- Inside temperature Predicted temperature
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4/8 4/9 4/10 411 4/12 4/13 4/14 4/15 4/16
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Figure 15. Real—time prediction performance results (4/9 to 4/14).
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Figure 16. Outside temperature from 4/9 to 4/14.
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Figure 17. Radiation from 4/9 to 4/14.
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AF3 53 ot Aol
5ol 3k,
40
Roof vent
35 A

Temperature(°C)
N
u
1
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= Alofel A
ot e

8:00

Figure

PM 12:00 AM 4:00 AM

18. Conventional P—band control in 4/9.
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Figure 19. Prediction based control in 4/19 (K,=0.1).
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Figure 20. Outside temperature condition in the experiment (4/9 and
4/19).
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Figure 21. Roof ventilation window control history (4/9, 4/19).
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Figure 22. Side curtain control history (4/9, 4/19).
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3.2.1. dEAo] Aol mE 2% Ao 5 F7t
2 ATFA AR D AN oS Ao ThEA K29 gk
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Figure 23. Prediction based control (K,=0.1, 4/27 to 4/28).
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Figure 24. Prediction based control (K,=0.2, 4/29 to 4/30).
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Figure 25. Prediction based control (K,=0.3, 5/1 to 5/2).
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Table 9. RMSE and overshoot and undershoot of prediction—based

control according to prediction coefficient K,2.
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Figure 26. Changes in outside environmental conditions in the
experiment
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Abstract

Development of Single—span
Greenhouse Temperature Control

Technology Based on CNN
Temperature Prediction Model

Yoon Hong Y1
Department of Biosystems Engineering

The Graduate School

Seoul National University

Greenhouses have the advantage of creating an optimal
environment for crop cultivation, but careful management is required
to create an ideal cultivation environment. Plants exposed to high or
low temperatures become stressed or sick, eventually decreasing
productivity. In particular, as weather changes such as heat waves
and heavy snow frequently occur due to global warming, there is an
increasing need to develop greenhouse control technologies that can
cope with rapidly changing external weather. This study developed a
greenhouse control technology that predicts the temperature change
inside the greenhouse based on the weather data inside and outside
the greenhouse and uses it for greenhouse control to maintain the
growth temperature in response to changes in the external weather.
Convolutional neural network (CNN), one of the artificial neural
network techniques, was used to predict changes in the internal
temperature of the greenhouse after 30 minutes by inputting nine

factors: internal temperature, internal humidity, external temperature,
§ b
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external humidity, solar radiation, wind speed, and time. The
prediction model was developed using seasonal data from April,
November, and January observed in a single—type vinyl greenhouse
at a farm affiliated with Seoul National University in Suwon. A real—
time temperature change prediction system was constructed using
Message Queuing Telemetry Transport (MQTT) communication to
utilize the predicted temperature output through the prediction model
for control. In this study, the prediction—based control equation was
developed by adding the prediction control coefficient Kp, which
considers the difference between the prediction temperature and the
target temperature in conventional proportional control. The control
targets are ventilation fans, skylights, side windows, hot fans, and
multi—layered insulation curtains, and ventilation fans and hot fans
control the operating time of skylights, side windows, and multi—
layered insulation curtains proportionally. The target temperature
setpoint was at 17—27°C, the growth temperature of cherry tomatoes,
one of the greenhouses cultivated crops. To test the effect of the
prediction—based control, the prediction control coefficient Kp value
was increased to 0.1, 0.2, and 0.3 for two days each and compared
each prediction—based control performance. As a result of the
experiment, each of the prediction control coefficients, 0.1, 0.2, and
0.3, showed an average square root error (RMSE) of 3.2C, 2.7C,
and 2.0C based on the target temperature. As the prediction control
coefficient increased, the average square root error decreased. As a
result of the prediction—based control experiment applied with the
prediction model developed in this research, it was possible to
predict the temperature change in real—time, and it was also possible
to follow the target temperature by knowing and responding to the
internal temperature change in advance.
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