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Abstract. When developing and researching management tasks, a climate
model is needed. There are different ways to mathematically describe or
predict parameters for controlling a greenhouse complex. Most authors
represent the ambient air temperature by a Fourier series or its segment, as
well as by trigonometric expressions. This approach makes it possible to use
the obtained representation for solving specific thermal and physical
problems, as well as for calculating heat and moisture resistance. A
mathematical model of greenhouse microclimate dynamics has been
developed. The mathematical model describes parameters such as air
temperature, relative humidity and soil humidity. The developed model in
the form of a differential equation is calculated numerically using the Maple
17.

1 Introduction

The transition to an intensive method of growing and maintaining plants in order to obtain a
high yield has caused the need to create management systems that regulate the influence of
environmental conditions in greenhouses. There are installations and systems of electrical
equipment that allow, to a certain extent, to solve the problem of providing a microclimate
and maintain it automatically. Some systems partially use contactless control devices
Greenhouse climate is a time-varying nonlinear system with distributed parameters.
Therefore, there are many problems in modeling and managing it due to the interaction
between the inputs and outputs of the system, the nonlinear relationship between heat
carriers, and humidity inside the greenhouse and soil, as well as air releases.

Thus, a random process, which can be considered a change in temperature and humidity
over time, is replaced by a mathematical expression. In addition, in some specific cases, it is
necessary to take into account the probabilistic structures of the process under study. There
are models of outdoor climate: probabilistic-deterministic, probabilistic or “all year round".
When solving optimal control problems based on mathematical modeling of the microclimate
regime, there are requirements for the description of disturbing influences based on external
and mechanical factors. This is due to the fact that the control system or model must work in
real time, that is, the time for the control action should be small compared to the time
separating two consecutive control actions. To do this, it is advisable to use the approximation
of disturbing influences.
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The greenhouse microclimate mode can be controlled at different levels, depending on
the equipment with control devices. The first level of control is automatic start and stop, as
well as emergency protection. The second level is the control and stabilization of
microclimate parameters at a given level by automatically regulating the operation of
elements of the microclimate system. The third level is relevant: optimal control of the
operation of the microclimate system according to the criteria of the minimum consumption
of heat and electric energy [1, 2, 3].

2 Materials and methods

The studies reflected in the works [4,5] substantiate the expediency and validity of the
following assumptions in the representation of the physical properties of the greenhouse:

— the greenhouse space, limited by the soil surface and a thin light-permeable
perforated shell, is filled with well-mixed air, plant matter and working organs of
the heating, ventilation and humidification system;

— the heat capacity of the enclosing shell is insignificant and can be equated to zero
in calculations;

—  the heating and humidification system ensures an even distribution of heat and
moisture throughout the entire volume of the greenhouse's air space;

— the plant mass is homogeneous, distributed evenly over the entire area of the
greenhouse;

— the air environment of greenhouses does not have the absorption capacity of light
radiation;

— the parameters of the external environment are temporal functions that do not
depend on spatial coordinates.

This idea of the physical properties of greenhouses allows us to obtain an equation of the
dynamics of heat and mass transfer processes based on the equations of thermal and mass
balances for individual elements of cultivation facilities. The equations of thermal balances
for the time interval dt have the following form [6,7,8]:

dQp = dQ,5 +dQp = dQpir = dQpeum — dOnc

g, = dRp —dQyg —dOrpp (1)

dQy; = dRy; —dQppy —dQycir — 03 + dQy5,
where dQp, dQn, dQr the change in the heat content of air, respectively, the green mass of
plants and the surface layer of soil (J) during dt, filling the space of the greenhouse; dQos and
dQ,6.» thermal energy (J) released by air and soil heating devices during dt; dQz dQsir dQm3
heat transfer of heat (J) during dt, respectively, from the leaves to the air, from the air to the
surface layer of the soil and from the surface layer of the soil to the ground; dQpy heat transfer
of heat (J) during dt from the indoor to outdoor air through the enclosing surface; dQgeum the
cost of heat (J) during the time dt due to the air exchange of the greenhouse with the
environment; dQrp the cost of heat (J) during the time dt due to the transpiration of plants;
dQucnr the cost of heat (J) during the time dt for the evaporation of soil moisture; dRp, dRy
respectively the amount of heat of solar radiation (J) absorbed at the level of the vegetation
cover and on the soil surface of the greenhouse during the time dt.

The change in the heat content of the air during dt is equal to:

dQyp=Cgjg-¢ - F-dOy(1) ()
where C,, j;,0, — accordingly, the specific heat capacity, density and air temperature (J
/kg, ° C, kg/m3 s); ¢ - the volume coefficient (m), determined by the ratio of the volume of
the greenhouse space toitsarea ¢ =V /F .
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The values dQn, dQOn, dQns, dQsm, dQOm3, dQsr dQpewm are expressed by the following
formulas:
dQy =CyM ;d6,; (1)
dQn = Cnyn 'hn F 'den (t)
dQp =K ygny ¢ - F (0 —Op)dt
dQpy = Kpy - F - (05— 6,)dt (3
dQﬂ3 = Kn3 F- (9,1 _93)dt
dOpy = Kppy Moo - F (O — Oy )dt

dQBeHm = CB : 7/34/ F- Z(HB _eH)dt
where C, is the average specific heat capacity of leaves (J/kg *°C); M, is the total mass of
plant leaves (kg); C, up are, respectively, the specific heat capacity and soil density (J/kg ¢
°C; kg/m®); h, is the height of the surface soil layer (m); Ku K Ky respectively the
coefficients of heat transfer from leaves to air, from air through the enclosing surface and
outside air, from the surface layer of soil to the ground (W/m? * C); ); #oop= Fouop/F is the
coefficient of fencing; n,= F,/F is the coefficient of the sheet surface; F, F, u F,,, are,
respectively, the area of the greenhouse, the total surface area of the leaves and the total
surface area of the fence (m?); Z is the multiplicity of air exchange (1/s), which depends on
the size of the cracks and the design of the greenhouse, the degree of opening of the vents
and wind speed.
The value of Z is represented as follows:

Z=(K +K,0)(1+K,v) @)

where is the degree of opening of the vents (%); v is the wind speed (m/s); K/ , K2, K3 are
the coupling coefficients.
The values dQyp, dQuen, dQuc according to [9] are presented in the following form:
dQrp =1/2-L-F ;-Gppdt
dOuycy =L-F-Gpdt 5)
dQyc =K,L-F-G,dt
where Grp is the transpiration intensity (kg/s » m?); G,, is the performance of moisture sprayers
reduced to 1 m? (kg/s » m?); G, is the evaporation rate of moisture from the soil surface (kg/s
« m?); L is the latent heat of evaporation (J/kg).
In expression (5), half of the leaf area is taken into account, since moisture evaporates
only from the side "where the stomata are located.
The values of the dR, in the dR, are expressed by the following formulas:
dRp :on-Epdt
dR,=(1-n,) F-E,dt
where 7, = F,/F is the coefficient of vegetation cover; Fr is the area occupied by plants (m2);
Ep is the specific radiation balance on the surface of vegetation cover (W/m2); specific
radiation balance on the soil surface (W/m?).
Substituting expressions (1) - (6) into the system of equations (2) and after small
transformations we obtain the following system of equations:

do,
CBVB§7tB: N +K gty - (0 — ) — K1 (O _gn)—(KBHUozp +Cpyp¢-2)05-6,)-K, - L-G,
CyM, doy
F dt
do,
}/nhnp'Ttn:(linp)En +KBI7(98 7011)7K173(9n 703)+N06,n 7L'G17

(6)

1
=1n,E,—Kng 1y (O _‘93)—EL‘77/7 -Grp

C

n

™)
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where N, is the output power of the heating system reduced to 1 m2 (W/m2).
The leaves, due to their small mass compared to their own area, practically do not retain

the absorbed thermal energy. For practical purposes, the expression C;M; d6;, can be
F dt

equated to zero and we get the following system of equations:

deo
CByBthB: Np+npEng —Kpp (05 —0,) —(KpyNey + Cpypl - Z2)(05-0,)— K, -L-G, + ¢,
de,
Cn}/nhn 7 = (1 - np)EN + KBH(HB - 9;1) - KH3(611 - 03) + Noﬁn +4s
®)
Differential equations characterizing changes in the moisture content of the air in the
greenhouse, the carbon dioxide content in the greenhouse air and the specific soil moisture
in the greenhouse as follows [9]:

d;(B
7BC7=7BQZ(ZH 7ZB)+KuG“u 43

dt (9)
de

yB§7zyBQZ(vH7VB)+0'—K¢)E¢+q4

i

—— P _G +(1-K )G +q

hodt p uu TS

where y,,, v, is the moisture content of the indoor and outdoor air, respectively (kg/kg); vs

and vy are the carbon dioxide content, respectively, in the greenhouse air, in the outdoor air
and in the greenhouse soil (g/kg); o is the performance of the CO; fertilizing device reduced
to 1 m? (kg/s » m?); Ky is the coefficient the relationship between the intensity of
photosynthesis and the intensity of the sun; Wn- specific soil moisture in the greenhouse (kg/
m3); hy, - the height of the soil layer in the greenhouse (m); G, - the productivity of the soil
irrigation device reduced to 1 m? (kg/s » m2) ql, q2, q3, g4, q5 - the total values of
unaccounted impacts on changes in air temperature, air moisture content, air carbon dioxide
content, specific humidity and soil temperature in the greenhouse, respectively.

3 Results
By adopting the symbol:
K Ko, .
oo_Bn M Moy 1 Kpg o Kyl (10)
11 CBA}/BIGV 15 CBA},BAGV 16 CBA},B.é' 12 CB}/BC
K n K
BM "ocp p U
d, = L= 3oy =—==3bsy =(1-K Yhpib,, =h .
11 CB7B§ 11 CB},BG’ 22 }/Bé’ 33 u’"B>744 n

Combining equations (8) and (9) taking into account (4), we obtain a system of equations
for the dynamics of microclimate processes in a greenhouse:

do
—B 4 By N0+ PO+ .G, (O +dy PO +1 {Ep®)— (K, +K2a)[l +K3v(t)IHB(t) - HH(t)]Jrql o,

o 11

P by G0 +by3G0 +4,0;

dy,
7f=b22Gu O-(K, +K2a)[l+K3v(t)IZB(t)— 7 H(t)]+q2(t).

Integrating the system of equations (11) gives the following system of equations:
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0, 0) =] IR [ SO )k K 40, O, K -

=0y ()oK, —a, By (1) + a 15Ny (1) + ay60, (1) + b1y G, () + 1, E, () + Oy (DK, +dy, 0 (1) + q,(0))de + Cy); (12)
W, ()= _[(b44Gp (t) + b3 G(6) +q, (O)dt +Cs;

(+K3v(1))(aK, =K )dt —(| (+K3v(2))(aK, =K )dt)
1= (Jee!

+ 1 0Ky = x5 (DK by, G, (1) — 4, (0))dt + Cy ).
This system cannot be solved analytically, but it can be solved numerically using the

Maple 17 package.

Figure 1 shows the calculated values of greenhouse parameters calculated from
experimental data.
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Fig. 1. Solution of the equation system on Maple.

4 Conlusion

The greenhouse microclimate model described in this chapter plays an important role in
predicting energy demand and proper design of greenhouse heating and ventilation systems.
A dynamic equation of the energy balance has been compiled taking into account the
aerodynamics of air movement to solve the problem of the greenhouse air regime, which
requires determining the flow of air moved through the gaps in the fence by filtration and
through ventilation transoms under the influence of gravitational forces and wind.

The initial and boundary conditions for determining the microclimate parameters were
established in the system of equations. Experimentally determined parameters show that not
all indicators have a satisfactory agreement of the data. The developed model can only
approximate the microclimate of the greenhouse, since it does not take into account the
change in the parameters of the microclimate by the volume of the greenhouse. However,
using this model, it is possible to calculate tasks for microclimate parameters and predict their
mutual influence and predict quality indicators. Dynamic parameters such as air temperature,
relative humidity and greenhouse air humidity were modeled, according to which the
adequacy of the model was verified by the Fisher method, the maximum deviation was 11%.
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