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1.Integrated control cabinet 2.Fan 3.Quilt 4.Top ventilation 5.Atomizing
sprinkler system pipeline  6.Wet curtain 7.Water tank 8.Heat dissipation and
heating all-in-one machine 9.Water return pipe 10.Water inlet pipe 11.Hot
water storage tank 12.Heat pump host 13.Heat pump system electric control box
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Fig.1 Greenhouse structure diagram
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Fig.2 Structure diagram of system
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Table 1 Calculation of the integrated heat transfer coefficient
s \ \ GOHRARN  GORARECEE
EEavit| . X L e i 2% (3| ZNC A ZNENEY
MR HEL Hit P ] B e @E - JJ;IME T, -T, 1, Heat transfer Average heat transfer
Data . X Starting Termination . B . .
classification No. Date Time period temperature/'C temperature/C /C /(W-m™) coefficient coefficient
JW-m?-CT JW-m2-C™1y
1 2021-12-06 18:59—19:22 19.1 15.2 9.7 0 0.276
2 2021-12-06  19:34—19:56 19.0 15.1 10.5 0 0.267
K —
R 0.266
Type one : : ’ : : ’
195 2021-12-12 05:48—06:07 18.6 15.1 11.1 0 0.262
196 2021-12-12 06:19—06:39 18.7 15.1 11.6 0 0.245
1 2021-12-05 12:00—12:20 259 26.8 11.9 65.4 0.605
2 2021-12-05 12:21—12:41 26.9 28.8 12.0 67.9 0.563
) —
RA= 0.562
Type two : :
184 2021-12-19 15:26—15:41 27.4 26.6 12.2 48.1 0.546
185 2021-12-19 15:42—15:58 26.6 239 12.3 31.5 0.527

Ee (T T WPIWINRZE: L, P EAREIRE. FH.
Note: (i~ Tou) is the average temperature difference between inside and outside; 7;, is the average irradiance. The same as below.
2.2 MARGREUBKRRZTIEMEESH

IR GAE B W KB 25 TAE, ARG R AN H
W& SEPRIRES 70 AR K, 8K, T FIHIZRIE = )
157 AR T MR G LAEVERES L R, FFXT B

F2 TIEMEESHIHE

Table 2 Calculation of working performance parameters

VHELAE RECFME, BENRE MR RGN TR S8
B 921.38 W [RIFEME, FIHIZERLDU ) 98 ke Hds
RN IFRCFEME, B3I Z B0k RS TIEER S5
P, 9 310.09 W 5 % & TAEMERE S HOT N 2 Fis .

—— RIaE Kb BYIT R T HRESECTIE
ﬁ}fﬁi HAY 39 I A] B Starting ~ Termination T, =T, I, N R 1B AT I (] MEAES S Average
ata . X . 2 . Performance
K . No. Date Time Period temperature temperature /°C /(W-m™) Volume Run time/s performance
classification . . . parameters/W
Ic /c switch status parameters/W
1 2021-12-08 21:32—21:47 14.9 18.2 13.9 0 0 780 916.80
2 2021-12-08 22:00—22:15 15.0 18.2 143 0 0 780 917.69
s -
Type three 921.38
156 2021-12-18 11:02—11:17 249 26.3 18.6 56.0 1 600 939.88
157 2021-12-18 11:42—11:57 22.9 27.7 152 54.5 1 900 878.38
1 2021-12-05 15:01—15:06 29.3 29 12.6 63.8 1 180 295.16
2 2021-12-05 15:21—15:26 28.8 28.5 11.3 57.6 1 180 295.22
AP
o<
Type four 310.09
97 2021-12-14 14:00—14:05 31.1 30.8 14.2 71.6 1 180 310.20
98  2021-12-14 14:20—14:25 31 31 13.5 76.8 1 180 320.56

E: BPITIRREH 1 ETPIRE, 0 MHEIRE.

Note: 1 is the open state, 0 is the closed state in the volume switch state.
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Fig.7 Temperature control results

3 &

ALLESIRBEF TR, T HmAIYEEN S
Wit, BT HBgNET A%, MBEMEE. T
BEFRGHAMEZEREEZE RS, RS0
P ST, AR LN ®:

D 3B BB = S AR RS AR AR
N 0266 W/(m*-C). EHRIFIHE LA R RN
0.562 W/(m*>C). TP MREMKRGIERES TN
921.38 W NFIZMBUK R ERESEN 310.09 W, 45iE
HERGGE T, M T AR & ) 5 iR =0

BSHIRHIR BRI, JERA ot 1R % &N 2 e
FEHI 5%

20 DL 3 B IR ], 0] 2 T PP 42 7
EATIE . FRRW], %7 REA SR B AE H AR
ELBR T HARAR R AR E , B Al BE e KB IR N 2 °C,
WAV B2 B KPR EE N 2.3 Co XFEE T AMBRANE I
R 2 AF T 2 B AR A2 M) U5 10 5 2k G P i s
R HFEREIGO, T RE P H Tk R H AT AR
HUEE 9.06 kW-h, £ a8 2 RAEHE R 10.95%. 455
FIE PRI MR MR, BT IR B4 ) T vk
B —E %,

(& £ x #
[1]  5kFH4E, skal, Wi, & Rl = is o Ev Ly

W] ZHITRE, 2017, 24(1): 8-15.

Zhang Xuechua, Zhang Wu, Yang Xu, et al. Survey of

research methods on agricultural greenhouse environment

control[J]. Control Engineering of China, 2017, 24(1): 8-15.

(in Chinese with English abstract)

(2] ZfE, EESR, XK, 55 FET HOGRE MR K
IR — IR RS [I]. Rk THE, 2020, 10(10): 16-18.
Li Sheng, Wang Guogiang, Liu Na, et al. Development of
integrated heating system of hot blast and water heating
based on heating technology of solar greenhouse[J].
Agricultural Engineering, 2020, 10(10): 16-18. (in Chinese
with English abstract)

W858, MR R R R A IR 6 S AR Y
SHT[D]. AR LR, 2020

Yang Yuyao. Heatinag Test of Air Source Heat Pump in

—
(O8]
—

Multi Span Film Greenhouse and Thermal Environment
Analysis[D]. Hefei: Anhui Agricultural University, 2020 (in
Chinese with English abstract)

[4] w=orgw, WA, 2], S ETEYS s Enik
WA P ERPLER, 2021, 42(5): 49-54.
Gao Liting, Dai Sihui, Li Ming, et al. Control methods of

heating in greenhouse based on crop and energy

consumption[J].  Journal of  Chinese  Agricultural
Mechanization, 2021, 42(5): 49-54. (in Chinese with English
abstract)

[5] =P, BER, REX, F TAENERF IR
Joili B RIABE M. R TRRECR, 2021, 41(19): 28-35
Wu Cuinan, Yang Yuyao, Wu Yiwen, et al. Heating effect of

air source heat pump system and analysis of greenhouse

thermal environment[J]. Agricultural Engineering
Technology, 2021, 41(19): 28-35. (in Chinese with English
abstract)

(6] REME AL, oG Z 8GR 77 S s (7], Rk TR
A, 2007(2): 21.
Sheng Guocheng. Solar greenhouse heating method and
heating equipment[J]. Agricultural Engineering Technology,
2007(2): 21. (in Chinese with English abstract)



206

Fk TREZAR Chttp://www.tcsae.org)

2022 4

[10]

[13]

[14]

[16]

M, XIH, X, & HMER/EEENEHRLE
B SEB BT T[], AR B A4 2014, 31(3):
47-54.

Wang Jianhui, Liu Ziqiang, Liu Wei, et al. Experimental
study on application of ground-source heat pump in seedlings
greenhouse[J]. Journal of the Hebei Academy of Sciences,
2014, 31(3): 47-54. (in Chinese with English abstract)

Y, VL BT, S RESREAENR RA MR
. R TR, 2017, 37(22): 26-30.

Gu Song, Chu Qi, Yang Yanli, et al. Application of
greenhouse air source heat pump heating system[J].
Agricultural Engineering Technology, 2017, 37(22): 26-30.
(in Chinese with English abstract)

ikfiliar, RIS HET S7-224 KA NLIREEH RGK
T BEER, 2009, 302): 36-38.

Zhang Kanyu,

Yu Lingwen. Design of automation

greenhouse control system based on S7-224[J]. Process
Automation Instrumentation, 2009, 30(2): 36-38. (in Chinese
with English abstract)

ESLET, BV, Rk FETHOED BRI E A
BEfAsEdI]. R TFEZ4R, 2014, 30(5): 131-137.
Wang Lishu, Hou Tao, Jiang Miao. Improved multi-objective
evolutionary control in

algorithm for optimization

greenhouse environment[J]. Transactions of the Chinese
Society of Agricultural Engineering (Transactions of the
CSAE), 2014, 30(5): 131-137. (in Chinese with English
abstract)

Jung Dae-Hyun, Kim Hak-Jin, Kim Joon Yong, et al. Model
predictive control via output feedback neural network for
improved multi-window greenhouse ventilation control[J].
Sensors, 2020, 20(6): 1-16.

Lin D, Zhang L, Xia X. Hierarchical model predictive control
of Venlo-type greenhouse climate for improving energy
efficiency and reducing operating cost[J]. Journal of Cleaner
Production, 2020, 264: 121513.

Chen Weihan, You Fengqi. Efficient greenhouse temperature
robust model

of the

control with data-driven
//Philadelphia:
Conference, 2019.

F=HRBE, BEARE, AR, & B TYBRE =R s
R, AOLPUREEIR, 2015, 46(3): 261-267.

Qin Linlin, Lu Linjian, Shi Chun, et al. Implementation of

predictive[C].

Proceedings American Control

IoT-based greenhouse intelligent monitoring system[J].
Transactions of the Chinese Society for Agricultural Machinery,
2015, 46(3): 261-267. (in Chinese with English abstract)

S A, Rezaei

greenhouses and selection of an optimized heating system

Mostafavi A. Energy consumption in
with minimum energy consumption[J]. Heat Transfer-Asian
Research, 2019, 48(7): 3257-3277.

R, ARSLE, WREM, A FETRERLF IR 2 H R

[17]

[18]

[19]

[20]

[22]

[23]

MRREAEEEH]. RGETHEFR, 2011, 23(1): 95-99.
Zhu Bingkun, Xu Lihong, Hu Haigen, et al. Conflict
multi-objective compatible control of greenhouse climate
based on energy-saving preference[J]. Journal of System
Simulation, 2011, 23(1): 95-99. (in Chinese with English
abstract)

XIVE, VRHE, SHK, SR VIR U ] R AT
BT, RHULEFTE, 2021, 43(10): 185-190

Liu Yang, Xu Yan, Peng Xuan, et al. Design of double fuzzy
control system for IoT greenhouse group[J]. Journal of
Agricultural Mechanization Research, 2021, 43(10): 185-190.
(in Chinese with English abstract)

BriK. RESEAEMRRRFMAD]. BH: BEAMET
R, 2011

Chen Bing. Research on Greenhouse Air Source Heat Pump
Heating System[D]. Kunming: Kunming University of
Science and Technology, 2011. (in Chinese with English
abstract)

BEE, FKE, . EMRPOREE SRR AT
AT AR A2, 2020, 36(21): 235-242.

Fu Jianlu, Zhou Changji, Wang Liu. Methods for calculation
load in
of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2020, 36(21):
235-242. (in Chinese with English abstract)

T Ml =R AR5 A R RE s i 5 iR T
F[D]. ¥aik: PHALRMBHEIREE, 2018,

Pei Xue. Temperature Prediction Model of Greenhouse and
the Design of Intelligent Control Method of Rolling Quilt[D].
Yangling: Northwest A&F University, 2018. (in Chinese
with English abstract)

P, b 77 M X A2 H DGR 5 8 TR AL P BoR [0].
FREESE, 2017, 9(297): 10-11.

Sun Runfeng. Cultivation and production techniques of

of heating gutter-connected  glasshouse[J].

Transactions

cucumber in solar greenhouse in winter in northern China[J].
Jilin Vegetable, 2017, 9(297): 10-11. (in Chinese with
English abstract)

FRRERN, R, B MR R I 2 A v A B
R R TFEFAR, 2020, 40(34): 12-14.
Liu Efficient

management technology of tomato in intelligent multi span

Wang Kangli, Xiangwei. production
glass greenhouse[J]. Applied Engineering Technology, 2020,
40(34): 12-14. (in Chinese with English abstract)

Eokfd, ZOAEE, REME, & ETUGEME S SRR
i 52 VL8 RPIR[T]. T Z 4R, 1998, 25(2): 96-97.
Wang Yongjian, Jiang Yiwei, Wu Guosheng, et al. Study on
the relationship between light compensation point and low
temperature and weak light tolerance in cucumber[J]. Acta
Horticulturae Sinica, 1998, 25(2): 96-97. (in Chinese with
English abstract)



510 39 PRENERSE . T T 77 R AR 2 A R I P ) S 207

Winter temperature control strategy of greenhouse based on heat
balance equation

Tu Hongbin'?, Zhu Delan*#*, Liu Mengyang~, Liu Changxin®, Wang Ruixin®, Jing Yupeng'~?

(1. College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling 712100, China; 2. Key Laboratory of
Agricultural Soil and Water Engineering of the Ministry of Education, Northwest A&F University, Yangling 712100, China; 3. Breeding and
Seed Production of Agricultural Crops of Tashkent State Agrarian University, Tashkent 100140, Uzbekistan; 4. College of Engineering,
Purdue University, Indiana 47906, America)

Abstract: An active heating system is often necessary for the normal growth of crops in a greenhouse, particularly with
the severe winter weather in northern China. Among them, an air-source heat pump system can be favored for the low
energy consumption, cost saving, and less pollution. Much effort was mostly on the working performance of heat pumps.
Specifically, an advanced control systems of greenhouse environment with a high level of automation cannot better fit
the current situation of family-oriented greenhouse cultivation, particularly at a high cost. It is highly urgent to combine
the temperature control systems for the regulation of the greenhouse with the air source heat pump in a reasonable and
simple way. In this study, an intelligent monitoring system was established to combine the management needs of modern
greenhouse using the typical IoT structure. The system also consisted of on-site monitoring subsystem, IoT cloud box,
and remote monitoring subsystem. The integrated heat transfer coefficient was then calculated under the rolled/unrolled
greenhouse, according to the basic principles of heat transfer. The measured data was utilized to determine the
performance parameters of the air source heat pump heating system and fogging spray. The heat balance equation was
selected to establish the relationship equation between the control time of regulating equipment and environmental
parameters of greenhouse. As such, the temperature control strategy was designed to collect the environmental data in
real time by sensors. The obtained data was set as the input in the process, while the output was required the working
time of equipment to control the equipment start and stop, according to the time to regulate the greenhouse temperature.
At the same time, the crop light compensation point was used to control the action of the rolled quilt, in order to fully
meet the light environment that required for the crop growth. An outdoor light irradiance was also used to correct the
indoor light irradiance, because the sensor value cannot accurately reflect the real value, due to the rolled quilt before the
unrolling action. Once the indoor irradiance correction value was greater than the crop light compensation point, the
volume was opened, otherwise, the volume was closed. A series of experiments were also carried out with the
greenhouse cucumber cultivation. There were the stable changes and small fluctuations of temperature around the target
value in the improved model under the heat balance equation. The single-day power consumption of the control system
saved 9.06 kW-h under similar external weather conditions, compared with the set value-based control system,
accounting for 10.95% of the power consumption on the test day. Consequently, the control system under the heat
balance equation can be easily implemented to regulate via the different temperature target values, according to the crop
demand. The finding can provide a strong reference for the application and promotion of temperature control strategy for
the greenhouse in winter.

Keywords: greenhouse; heat balance; internet of things; air source heat pump; temperature control strategy
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