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Abstract: The study considers methods of an automated
monitoring and control system for a greenhouse complex
aimed at increasing production efficiency and optimizing
resource consumption. The proposed mathematical models
describe the dynamics of the main microclimate parameters,
in particular temperature, humidity, CO- concentration and
soil moisture, which allows for precise process control.
Based on the obtained models, a decision-making logic was
built that combines threshold rules, fuzzy logic and adaptive
control, ensuring flexibility and reliability in changing
conditions. The numerical simulation demonstrated the
system's ability to maintain stable environmental parameters
with minimizing energy costs and water consumption. The
results confirm that the implementation of such systems
contributes to increasing yields, improving product quality
and sustainable development of the agricultural sector in the
conditions of Industry 4.0 and Industry 5.0.
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|. INTRODUCTION

The modern development of the agricultural sector is
impossible without the introduction of the latest technologies
that ensure increased production efficiency, reduced
resource consumption and stability of the results obtained. In
this context, greenhouse complexes occupy a special place,
since they allow creating optimal conditions for growing
plants regardless of climatic fluctuations, seasons or
geographical features of the region. However, the stability of
such conditions requires constant monitoring and operational
control of a large number of parameters, including
temperature, humidity, lighting, carbon dioxide levels and
mineral nutrition. Traditional control methods based on
manual control or partially automated solutions are unable to
provide the proper response speed and accuracy in
maintaining the specified modes. That is why the
development and implementation of complex automated
greenhouse production monitoring and control systems
based on modern information technologies, intelligent
algorithms and integrated sensor networks is relevant. The
use of such systems allows for real-time collection,
processing and analysis of large amounts of data, which
ensures adaptive regulation of processes and minimization of
the human factor. This is of particular importance in the
context of the transition to the concept of Industry 4.0 and
Industry 5.0, where the combination of automation, artificial
intelligence and sustainable development becomes a priority.
Automated monitoring systems for greenhouse complexes
contribute to the rational use of water and energy, reducing

crop losses, improving product quality and the economic
attractiveness of production. In addition, given the global
challenges associated with climate change and population
growth, such technologies allow for the formation of a
sustainable model of agricultural production focused on food
security and environmental balance. Therefore, research into
methods for an automated monitoring and control system for
a greenhouse complex is extremely relevant and has
significant practical and scientific significance.

1. DEVELOPMENT OF MATHEMATICAL
SUPPORT FOR AN AUTOMATED
MONITORING SYSTEM FOR A
GREENHOUSE COMPLEX

The microclimate model (energy-thermal dynamics) is
intended to describe the change in air temperature and
greenhouse  surfaces under the influence  of
heating/ventilation/insolation and heat losses. The model can
be represented by the following models:

- continuous model (holding balance):

dr,
Ca E = Qnvac + Csun @®) + Qplant @®)
- UA(Ta - Tout) (1)
- mventcp (Ta - Tout)
- discrete (step At):
Tolk + 1] = T, [k]
At
+ C_ (thac [k] + qun [k]
+ Qplant [k] (2)
- UA(Ta [k] - Tout [k])
- mvent [k] Cp (Ta [k]
- Tout [k]))

Where: T, - air temperature in the greenhouse (°C); T,:
- outside temperature (°C); C, - equivalent heat capacity of
air/mass (J/°C); Qpuqc - heat flow from heating/cooling (W)
(positive - heating); Qsy, (t) - solar heat flux (W); Qpian: (t)
- heat exchange with plants (W) (may be a function of
light/transpiration); UA - total heat loss coefficient (W /°C);
Tyene - Mass air flow through ventilation (kg/s); C, - heat
capacity of air (~1005 J/(kg-°C)).

Humidity model (moisture balance), purpose of this
model, prediction and control of relative humidity (RH) and
moisture content in soil/air. Mass balance of vapor in air:
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adt = Lplant + Sevap - mvent (pv - pv,out)

®)

— Meont

Where can one go to relative humidity RH through
; .y = Py
saturated vapor density p,, ¢4 (T,): RH /pv,sat (T,)

V, - greenhouse air volume (m3); p,, - absolute density of
water vapor (kg/m?); Eqne - €vaporation through plants
(transpiration) (kKg/s); Seyqp - €vaporation from soil/surfaces

(kals); Py out vapor density outside; 1.,
condensation/precipitation (kg/s).

Soil moisture (single-level model):

0lk — 1]

= 0[k] g

(Qirrig [k] — Qarain [k] - quptake [k]> ( )
+ At
Vsoil

Where: 6 - soil volume moisture (m*/m3); q;,;, - Water
supply (M%s); qupeake - Water absorption by plants; qgyqin -
drain.

CO: model (mass balance), purpose - control of CO:
concentration to optimize photosynthesis:

dCCO .
Va Tz = minj(Cinj - Ccoz)
- mvent (CCOZ - Cout)
- Rphoto (t)

®)

Where: C¢o, - concentration CO: (ppm or mg/m?); m,, ;
- injection costs CO2 (m’/s); Cj,; - concentration in the
supplied gas; C,,; - external concentration COz2; Rppor, (£) -
uptake by plants (mass flow).

Biological growth model (simplified productivity),
purpose - relationship between microclimate and growth rate
/ photosynthetic activity. Simple productivity function P:

P(t) = Pnax " fr (To) * fan (RH) - fL(I) (6)

'fcoz (€COz) - fo(6)

where each function f£,(-) € [0,1] - efficiency coefficient

(e.g. Gaussian or triangular optimum function). Example for
temperature:

2
(T B Topt)
fr(T) = exp <_T‘72* O
Where: P max. performance; T,y 0r -

optimum/temp-spread; similarly for other factors.

Sensor model (observation), purpose - description of
measurement errors and delays. Implementation as a linear
model:

ylk] = Hx[k] + v[k] ®)

Where: x - state vector (for example [T, p,, Cco,,01; ¥ -
vector of dimensions; H - observation matrix (usually single
or sample); v[k] - measurement noise.
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Operator models of drives/actuators, purpose - dynamics
of heating, ventilation, irrigation valves, lighting. The model
for the actuator in discrete form has the following form:

thac [k + 1] = thac [k]
4 At

)

(Khvacuhvac [k]
Thvac

- thac [k])

To assess the state, it is proposed to use the Kalman filter
(KF), the main purpose of which is to represent hidden
quantities and filter noisy measurements:

Xpe1 = Axp + Buyp +wy ;v = Hxp + (10)
Vi

Decision-making system, hybrid architecture is
proposed: (FALLBACK) + FUZZY LOGIC for fast
decisions and M(odel)P(redictive)C(ontrol) for optimal
management of energy-sensitive resources.

- rules (threshold, fast), which are designed to manage
emergency and operational actions. Examples of rules in
pseudocode:

If T, < T2%/° - turn on the heating on 100%;

If RH > RH it & Ty — Tout < ATyent =
open the ventilation;

If 6 < 0,,;, » water.

These rules provide safety before optimization.

- Fuzzy logic, for adaptive actions. Purpose - smooth
actions with uncertain or simultaneously conflicting
requirements. Example for heating action w4,

Input fuzzy variables: Ey. = T, — T, (error), AT (rate of
change)

Fuzzy sets: NegativelLarge,
PositiveSmall, PositiveLarge.

Fuzzy rule base (a couple of examples):

- if E; — PositiveLarge — uy,,,. — High

- if E; — PositiveSmall&AT - Negative — Uppec —
Medium.

Model Predictive Control (MPC), The purpose is to
minimize the cost of energy while maintaining conditions for
growth. The MPC formulation (discrete horizon N):

NegativeSmall, Zero,

N-1
J =D (@l +1] = Trep)?0r
i=0

+ (RH[k +i]
- RHref)zQRH
+ A llulk + i]11?)

11

is subject to dynamic constraints (microclimate models,
actuators) and constraints on u (saturation) and states
(safety). MPC gives the optimal sequence of commands
ulk ...k + N —1]; only the first step is applied (receding
horizon).

Decision-making
(combination):

1. Safety layer (reactive): Threshold rules are executed
immediately (highest priority). Check:

logic depending on parameters

T, & [T39°, Toeh* |, RH > RHeyiy, Ceo,

min ’ “max

(12)
> Ccritt 6 < ecrit
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2. Estimation layer: update status via EKF/KF — get best
score X[k].

3. Decision layer:

a) if the system is normal (within tolerances) - run MPC
on horizon N to minimize energy and maximize
performance.

b) if there are requirements for fast correction (for
example, significant temperature deviation) - combine a
fuzzy solution (fast smooth response) with MPC (MPC
works on longer horizons).

4. Actuation layer: take into account the dynamics of
actuators and execute commands through first-order models.

The developed mathematical models and decision-
making logic in the automated monitoring and control
system of the greenhouse complex provide a comprehensive
approach to maintaining stable conditions for growing
agricultural crops. Their advantage lies in the ability to
accurately describe the dynamics of temperature, humidity,
CO: concentration and soil moisture, which allows for
adaptive response to changes in the external environment
and internal processes. The use of heat and moisture balance
models reduces energy consumption and water consumption,
and the integration of plant growth models allows for
focusing control not only on environmental parameters, but
also on maximizing crop productivity. Built-in decision-
making mechanisms that combine threshold rules, fuzzy
logic and predictive control guarantee both a quick response
in critical situations and optimization of work in normal
conditions. Such a hybrid structure creates a balance between
reliability and cost-effectiveness of the system, ensuring
sustainable operation of the greenhouse complex. In
addition, the use of state assessment algorithms allows to
compensate for sensor errors and obtain more reliable data
for decision-making. As a result, the implemented system
not only increases yield and product quality, but also
contributes to sustainable development through the efficient
use of resources and reducing the impact of the human factor.

I1l. RESULTS OF NUMERICAL MODELING AND
ANALYSIS OF THE OBTAINED RESULTS

A program for numerical simulation based on Python
was developed, and a 48-hour scenario with a step of 10
min (288 steps) was simulated. The model includes:
energy-thermal dynamics of air (heat balance with solar
inflow and heat loss), a simple model effect of plants (heat
and evaporation), ventilation as a mass flow of air, soil
moisture dynamics (one-volume model), and CO: balance.
The decision-making logic is implemented as multi-level:
safety (threshold emergency actions) — fuzzy controller for
smooth HVAC control — simple rule solutions for
ventilation/irrigation/CO: supply. The actuators have first-
order dynamics. The input external conditions are the daily
sinusoidal trend of external temperature and solar radiation.
The obtained results of numerical simulation are presented
in Figures 1-5.
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Air Temperature, Setpoint and OQutside Temperature

1
W hour

Figure 1. — Graph Air Temperature, Setpoint and
Outside Temperature

HVAC Control Signal and Nominal Power Proxy

Figure 2. — Graph HVAC Control Signal and
Nominal Power Proxy

Aelative Humidity and Ventilation Control

A

Figure 3. — Graph Relative Hrumidity and Ventilation
Control

oll Maisture and Irrigation Events

Figure 4. — Graph Soli Moisture and Irrigation Events

CO2Z Concentration and Injection Control

¢

Figure 5- Graph CO, Concetration and Control

The temperature graph shows that the greenhouse
temperature follows the external diurnal trend, but is
smoothed by HVAC and thermal inertia; fuzzy HVAC
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control together with actuator dynamics kept the air closer to
the set 22°C, and in critical cases emergency limits were
triggered. Energy consumption is manifested in the form of
HVAC power peaks during morning warm-up or afternoon
cooling; the obtained values confirm moderate energy
consumption concentrated at key moments of the day.
Humidity dynamics demonstrate that the ventilation rules
effectively reduce RH when needed; the model shows a
decrease in humidity and the system reaching moderate
values, which indicates the reliability of the ventilation rule.
Soil moisture and irrigation reflect water supply pulses when
humidity drops below a threshold; the frequency of starts
determines how often to humidify, which is important for
water supply planning. CO: control maintained the
concentration near 800 ppm during daylight hours; the
supply occurred mainly when there was solar flux, which is
consistent with plant physiology and reduces wasteful CO-
consumption.

The hybrid logic works as intended: emergency rules take
priority and protect against dangerous deviations; fuzzy
control generates smooth signals for HVAC and prevents
abrupt switching; simple predictive actions (cooling in hot
weather) reduced overheating from solar radiation. The
irrigation logic consistently maintains humidity within safe
limits, although the size and duration of the water pulses can
be optimized. CO: control, limited to periods of light, meets
biological needs and makes the system more economical.

IVV. CONCLUSION

The study substantiated the feasibility of using automated
monitoring and control systems for greenhouse complexes as
a key element in increasing the efficiency of modern
agricultural production. The developed mathematical models
allowed describing the dynamics of temperature, humidity,
CO:s: level and soil moisture, which creates the basis for the
implementation of intelligent control algorithms. The
decision-making logic, built on a combination of threshold
rules, fuzzy logic and adaptive regulation, ensures flexibility
and reliability of the system's operation in various scenarios.
Numerical modeling confirmed the system's ability to
maintain optimal microclimate parameters with minimal
energy and resource consumption. The results obtained
indicate that the implementation of such solutions
contributes to an increase in yield, product quality and
sustainable development of the agricultural sector.
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