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Abstract

Оvchinnikov, A. S., Borodychev, V. V., Lytov, M. N., Bocharnikov, V. S., Fomin, S. D., Bocharnikova, O. V. & 
Vorontsova, E. S. (2018). Optimum control model of soil water regime under irrigation. Bulgarian Journal of 
Agricultural Science, 24(5), 909–913

A modern model of optimal control of the water regime of the soil in conditions of irrigation, the use of which allows to 
assess the need for sequential vegetation watering, the probable date of the next watering, to make the graphics of watering 
and develop water use plan for the short, medium and long terms is suggested. The proposed model provides the possibility 
of determining the current status of soil moisture in two ways: by computational method or by hardware measurement system 
in contrast to the known solutions. A feature of the proposed model is the using of different calculation methods to determine 
the evapotranspiration during the forecast and retrospective calculations. Increasing the accuracy of forecast and retrospective 
calculation of evapotranspiration is achieved through the use of multi-parameter models with the introduction of the actual 
meteorological fi ndings of the past period (the computational unit “retrospective”) and simple one-parameter models that may 
determine the total water consumption of crops using forecast meteorological data, which can be highly uncertain and with 
probabilistic nature.
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Introduction

Water scarcity is a global concern, particularly in arid 
and semi-arid regions. This fact should be considered in 
decision making and management of water resources 
(Abubaker et al., 2014; Pejic et al., 2014; Darani et al., 
2017). The present level of development of technical 
means of irrigation and the introduction of automated tools 
and measuring systems with the telemetry module involves 
the improvement of water management system in the ar-
eas of regular irrigation and based on continuously moni-
tor and operational forecasting of the water regime of the 

soil. The improving the accuracy of forecast remains as 
actual question, including through the implementation of 
a system of ground-based measurements and operational 
use of measured fi ndings for analysis of needs for next wa-
tering, and for development of forecast quality for short, 
medium and long terms. However, the software part of the 
complex should provide the possibility of using computa-
tional methods to assess current reserves of effective soil 
moisture. Thus, it should be worked out a comprehensive 
solution that provides continuous monitoring and reliable 
forecast of soil water regime using hydraulic systems of 
different generations.
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Materials and Methods

The problem which can be solved by the research is to 
improve the quality of information management of the soil 
water regime for irrigation of crops with the possibility of 
using modern solutions in the fi eld of automated monitoring 
of soil water regime in irrigated lands. The methodological 
basic of research are the techniques of heuristic analysis of 
the information system functions in modern facilities with 
ameliorative purpose, structural modeling of the decision-
making process in systems with planned water use for op-
timal management of the soil water regime. The subject 
of the simulation is a system with software and hardware 
management of the soil water regime for irrigation of crops. 
The materials that are taken as a basis are well known algo-
rithms developed over the years by scientists (Golchenko, 
1986; Shabanov and Zemlyanov, 1990; Burt, 2001; Amos-
son et al., 2002; Kruzhilin et al., 2007; Ovchinnikov and Bo-
charnikov, 2012; Ovchinnikov et al., 2012), new solutions in 
technique and technology of irrigation, the functionality of 
the modern systems of continuous monitoring and irrigation 
management. The working hypothesis of research was the 
assumption of the possibility of improvement of the qual-
ity of the information support  for management tasks of soil 
water regime due to structural optimization and total use of 
calculated and hardware resources which provide:

expanding the functionality of the information system;
use of modern solutions in the fi eld of monitoring of the 

soil water regime within the boundaries of the irrigated area 
or its part, using automated tools and measuring systems;

improving the reliability and accuracy of forecasts and 
retrospective calculations.

Results and Discussions

Schematically, the model of optimal control of the water 
regime of the soil under irrigation is shown in Figure 1. A 
feature of the proposed model is the simultaneous use of sev-
eral design schemes for the calculation of the current status 
of soil moisture and the forecast date of determination of ir-
rigation. The calculation is performed in two periods, which 
are separated by the time of settlement (zero date D0).

To predict the date of the next watering date zero (D0) is the 
beginning of the billing period. The initial data are the data on 
the physical properties of water and soil, the current state of hu-
midity, forecast weather information. The calculations are car-
ried out using a unifi ed calculation based by the Equation (1):

                 Wa + Pef + (j – 1)
Tj

pr = –––––––––––––––  (1)
                  ET cym.

crop(1 – kg)

where Tj
pr – duration of the period prior to its growing ir-

rigation, day; j – the growing number of the next watering, 
if the reference point to take the zero date (the date of the 
calculation); Wa – active reserves of soil moisture, which 
can be used by plants as of the date of calculation (D0), 
mm; Pef – effective precipitation during the billing period, 
mm; m – irrigation rate, mm; kg – coeffi cient of capillary 
recharge, in fractions of ETcrop; ET cym.

crop – the average daily 
water consumption of culture for the settlement period, mm 
per day.

The above relationship is derived from the minimal up-
grade known calculation formula (Shumakov, 1999), allow-
ing it be used to predict the length of time before the next wa-
tering the vegetation to any arbitrary date of the settlement, 
as well as for scheduling irrigation for the entire remainder 
of the growing season crops.

Certain complexity of using the reduced dependence is 
that effective rainfall (Pef). They should be submitted for a 
certain billing period (Tr). For the same billing period Tr is 
determined by the value of the average daily water consump-
tion by the Equation (2): 

                  ETcropET cym.
crop = –––––––,  (2)

                     Tr

where ETcrop – total water consumption of the culture for the 
settlement period Tr, and Tr → Tj

pr. Therefore, the forecast 
duration of the period until the next watering advisable to 
carry out iterative calculations in increments of one day to 
reach the minimum difference between Tr and Tpr: (Tr – Tj

pr) 
= F → 0  (Figure 1).

Criterion F is given by expert and allows you to fi nish 
the iteration when specify accuracy of the calculations. The 
output data are the date of the next vegetation watering, ap-
proximate dates of subsequent irrigation or, in the general 
case – climate reasonable watering schedule for the entire 
growing season. Accordingly, the calculations used and dif-
ferent background information – the meteorological forecast 
for short -, medium- and long-term, as well as climatic char-
acteristics of the region.

The values of active soil moisture reserves, which can 
be used by plants (Wa), according to the proposed model, is 
determined based on the amount of soil moisture reserves 
current (Wi), obtained by calculation or by physical control 
of soil moisture. If there is no developed system of physical 
monitoring of the water regime of the soil as a source of data 
for determining the activity of soil moisture reserves (Wa) 
using the calculated value of Wi at zero date (D0).

To determine the current moisture reserves (Wi) con-
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ducted a retrospective settlement in this case, the zero 
date (D0) completed the billing period. Calculations are 
based on the actual meteorological data during this period 
using the Equation (3) (Shumakov, 1999; Kruzhilin et al., 
2007):

Wi = Wi-1 + P – ETcrop(1 – kg) (3)

where Wi – reserves of soil moisture at the time of settlement 
(end of the calculation period), m3/ha; Wi-1 – soil moisture 
reserves at the beginning of the billing period, m3/hа; P – the 
volume of rainfall for the settlement period, m3/hа.

The beginning of the billing period in this case is the date 
of the last physical measurements of soil moisture, or the 
date of the watering. The output is the current status of soil 
moisture, the need for holding the next vegetation watering 
and irrigation norm.

A key indicator in the settlement blocs of the proposed 
model is the value of the total water consumption (ETcrop). 
It should be recognized that on the use of the calculation 
model to determine the total water consumption in the sci-
entifi c community today, there is no consensus. The greatest 

recognition to the model is based on the values of the refer-
ence evapotranspiration (Penman-Monteith model (Allen et 
al., 1998), Equation (4):

                                           900
          0.408Δ(Rn – G) + y–––––––U2(es –ea)                                          t + 273
ET0 = ––––––––––––––––––––––––––––––  (4)

                                Δ + y(1 + 0.34U2)

where ET0 – reference evapotranspiration, mm/day; Rn – net 
radiation at the plant surface, mJ/m2 per day; G – heat fl ux 
density of soil, mJ/m2 per day; t  – the average air tempera-
ture at a height of 2 m; U2 – wind speed at a height of 2 m, 
m/s; es – saturation vapor pressure, kPа; ea – the actual vapor 
pressure, kPa; es – ea – saturation vapor pressure defi cit, kPа; 
∆ – slope vapor pressure curve, kPа/°C; γ –  psychrometric 
constant, kPа/°C.

In fact, the use of such models is only effective when 
using the actual (retrospective) meteorological information. 
This is confi rmed by the results of the study of correlations 
between the calculated and actual values of total water con-
sumption in the use of either the forecasted meteorological 
parameters (Table 1).

Fig. 1. Structural model of control problems of the water regime of the soil under irrigation
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As can be seen from the data presented in Table 1, the 
strongest correlations were obtained by one-parameter cal-
culation model, in particular – according to the association 
of crops total water consumption with the amount of accu-
mulated average daily air temperature. The reduction in the 
reliability of multi-parameter models that determine the total 
water consumption (in this case – the models for determina-
tion of potential evapotranspiration) is due of using of a large 
number of diffi cult-to-forecast meteorological parameters. 
Therefore, in the present model of software and hardware 
management tasks soil water regime for irrigation of crops 
is proposed:

– to calculate the current reserves of soil moisture (Wi) to 
use values of total water consumption, defi ned by the level 
of the reference evapotranspiration with the introduction of 
the real hydrometeorological information. The same method 
for determining the total water consumption of crops is pro-
posed to use for the preparation of climate-justifi ed irrigation 
schedules for the growing season. The initial data used in 
this case are agroclimatic characteristics of the region;

– it is necessary to use the values of total water consump-
tion to calculate the projected date of the next growing irri-
gation (Dcalculated) that was defi ned by a simple, one-parameter 
models with input of forecast hydrometeorological informa-
tion. These models that determine the total water consump-
tion of crops is proposed to use when scheduling irrigation in 
the short and medium terms.

Together, the use of different calculation dependencies to 
solve the forecasted tasks and determine the current moisture 
reserves in the soil improves the effi ciency of water regime 
management of soil and water use planning in the irrigation 
of crops.

The proposed model also provides the possibility of us-
ing the data of the physical monitoring soil water regime. In 
this case, the calculated information is blocked, and it is nec-
essary to use the results of measurements carried out directly 
on the irrigated area for the analysis and decision-making. 
The introduction of hardware-measuring unit in the pro-
posed model allows to use the technical and technological 

advantages of the irrigation and drainage systems of the new 
generation, naturally the possibility of combining hardware 
and computer systems for solving optimal control of soil wa-
ter regime. In addition, the results of physical measurement 
of water soil conditions in different periods of growth and 
development of crops is proposed to use for the identifi ca-
tion of regional communication parameters of the reference 
evapotranspiration and crop water use. In this sense, the pro-
posed model has a research and adaptive potential.

Conclusions

As a result of research conducted a theoretical study and a 
model of optimal control of the water As a result of research 
was made theoretical justifi cation and proposed a model of 
optimal control of the soil water regime under irrigation of 
crops, that characterized:

● compact solution to perform all the complex func-
tions of planning irrigation regime, including development 
of predictive software, formation of correction of forecast 
of the need for watering at any time with an estimate of the 
probability of the forecast, making the operational plans for 
the current analysis of the need for regular watering, using 
retrospective data;

● the possibility of using modern solutions in the fi eld 
of monitoring the water regime of the soil within the bound-
aries of the irrigated area or its part, using automated tools 
and measuring complexes as an alternative to computational 
method with using a retrospective agrometeorological infor-
mation;

● the ability to use measurement fi ndings to adapt com-
putational forecasted water soil regime models, taking into 
account the natural characteristics of the region and the ir-
rigated agricultural landscapes;

● increasing the accuracy of forward-looking and retro-
spective calculations through the use of multivariable mod-
els that determine the total water consumption of crops using 
actual meteorological fi ndings for the previous period (com-
putational block «retrospective») and simple one-parameter 

Table 1
Averaged results of correlation analysis of the relationship of total water consumption with hydrometeorological factors 
when using predictive information (Ilinskaya, 2001)
Indicators Discrepancy R2 R
The amount of heat 56.8 0.505 0.711
The amount of air humidity defi cit 69.6 0.257 0.507
Potential evapotranspiration 71.5 0.214 0.462
Wind speed 66.9 0.313 0.560
The radiation balance 74.7 0.144 0.379
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models that determine the total water consumption of crops 
using forecast weather fi ndings, largely unspecifi ed, proba-
bilistic nature.
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