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ABSTRACT 

Irrigation is essential for the development of crops in regions with scarcity or irregular 

rainfall distribution, enabling high productivity. However, the use of water resources and 

electrical energy leads to a concern with irrigation efficiency. Pressure demand varies 

during the operations of irrigation systems and the appropriate pressure can be regulated 

by variable-frequency drives for the power supply of the motor-pump set. This study 

aimed to analyze the technical and economic feasibility of using a variable-frequency 

drive to adjust the pressure in subunits of micro-irrigation systems. Laboratory tests were 

carried out to determine the electrical power consumed in each irrigated subunit for 

different slopes and the application or not of the variable-frequency drive. Thus, an 

economic analysis was carried out considering the electricity tariff for group B and rural 

consumer class, as well as different annual irrigation times. The results showed the 

potential for energy saving with the use of the variable-frequency drive. Thus, the 

economic analysis showed that the variable-frequency drive was a better alternative than 

the dissipative method. 
 

 

INTRODUCTION 

Pumping systems for irrigation are designed to work 

in the condition of maximum flow demand and total 

manometric head to meet all irrigation subunits 

(Lamaddalena & Khila, 2012; Khadra et al., 2016; Brar et 

al., 2017). However, some subunits require less power even 

at the time of maximum demand, and dissipative methods 

are commonly used to adjust the motor-pump operating 

point (Carvalho et al., 2000; Araújo et al., 2006). 

Significant differences in power demand may occur 

between micro-irrigation subunits due to factors such as 

slope and/or length of different lateral and manifold, 

providing variable manometric heads to meet each subunit. 

Pressure regulators and, in some cases, self-

compensating emitters are required to adjust the pressure 

and flow in the subunits, allowing the pumping system to 

cover the entire area to be irrigated (Barreto Filho et al., 

2000; Oliveira & Figueiredo, 2007). However, the use of 

these devices causes the dissipation of hydraulic energy, 

which reflects an increase in the consumption of electrical 

energy by the pumping system (Lamaddalena & Khila, 

2013; Khadra et al., 2016). 

Variable-frequency drives can provide better energy 

use efficiency in pumping systems, as the operation point of 

the motor-pump set is adjusted to the design point of each 

subunit by varying the motor supply frequency, acting on 

the control of its rotation (Araújo et al., 2006; Viholainen et 

al., 2013; Sungur et al., 2016; Valer et al., 2016). Thus, its 

use can provide an improvement in the pressure and flow 

control of irrigation systems, besides saving energy by 

avoiding the dissipation of hydraulic energy in pressure 

regulator devices (Burt et al., 2008). 

Variable-frequency drives have been used in center 

pivot irrigation systems and the economic feasibility of 

using the equipment in these systems has been demonstrated 
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in several studies (Moraes et al., 2014; Lima et al., 2015; 

Brar et al., 2017). Micro-irrigation systems also present 

desirable characteristics for the use of this technology, and 

studies that focus on increasing energy efficiency are 

required, even if they are considered to have low power 

demand than other pressurized systems. 

Thus, this study aimed to evaluate the technical and 

economic feasibility of using a variable-frequency drive to 

trigger the pump set in micro-irrigation systems. 

 

SUBJECT DESCRIPTION 

MATERIAL AND METHODS 

This study was developed at the Laboratory of 

Hydraulics and Irrigation of the Department of Engineering, 

belonging to the Institute of Technology of the Federal 

Rural University of Rio de Janeiro (UFRRJ). 

Manometric heads required for each micro-irrigation 

subunit were evaluated considering three slope conditions 

(0, 5, and 10%) in the direction of the longest terrain length 

and 0% in the direction of the shortest length. Two methods 

were considered to regulate pressure at the beginning of the 

manifold: the use of valves (dissipative method) and 

variable-frequency drives (non-dissipative method). 

An experimental benchtop, composed of a motor-

pump (Dancor, CAM series, standard 630, JM, 5CV), 

variable-frequency drive (WEG, CFW 10), pressure 

regulators, manometers, valves, electromagnetic flow meter 

(Krohne Conaut, OPTILUX KC 1000C/6 IFC 100C, with a 

measurement capacity of up to 10 m3 h−1), and emitters to 

provide the flow of the irrigation subunit, was set up. 

The pressures at the outlet of the motor-pump set and 

the point corresponding to the start of the manifold were 

measured using the pressure transducer MSI 300-250-P-3-

N. A digital multimeter (Minipa ET-3110) was used to 

acquire electrical variables (potential difference and current). 

The following factors were considered to obtain the 

maximum area to be irrigated: highest yield flow of the 

motor-pump set (8 m3 h−1), net irrigation depth of 5 mm, and 

time available for irrigation of 16 h d−1. An irrigation 

frequency of 1 day was adopted, thus allowing each subunit 

to be irrigated individually, according to the time of 

irrigation available. The area to be irrigated consisted of 2.3 

ha under these conditions. 

Thus, a rectangular area (210 × 110 m) was divided 

into 14 subunits of 55 × 30 m (Figure 1), providing lengths 

of the manifold of 28.5 m and the main line of 195 m. Each 

irrigation subunit was composed of 10 lateral lines spaced 3 

m from each other, with a length of 54 m. Subunits located 

on the same terrain elevation (Figure 1) had the same 

pressure demand on the motor-pump set (1 and 14, 2 and 

13, 3 and 12, 4 and 11, 5 and 10, 6 and 9, and 7 and 8). 

 

 

FIGURE 1. Scheme of the simulated area to be irrigated. 
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A dripper tube with integrated drippers with a flow 

of 4.3 L h−1 under a pressure load of 10 m, nominal diameter 

of 16 mm, spacing between emitters of 0.4 m, and flow 

regulation mechanism as a function of pressure (regulated 

emitter), whose exponent of the emitter flow-pressure 

equation tends to zero was considered for the hydraulic 

dimensioning of the lateral line. These emitter 

characteristics enabled to determine the maximum pressure 

variation allowed on the lateral line, which was assumed to 

be the operating pressure load range of the emitter (10 to 30 

m), i.e., the maximum allowed variation was 20 m. This 

procedure was adopted because the allowed theoretical 

variation in regulated emitter tends to infinity [eq. (1)]. 

∆P = ((1 + qvar)
1
x − 1)  Ps;  x → 0; ∆P → ∞ (1) 

Where:  

ΔP is the pressure load variation in the subunit (m);  

qvar is the allowable flow variation (dimensionless);  

x is the exponent of the flow equation as a function 

of the emitter pressure (dimensionless), and  

Ps is the emitter working pressure load (m). 

 

The dimensioning of lateral line and manifold used 

eqs (2) to (5). 

hf =
0.00078Q1.75L Fλ

D4.75
 (2) 

  

F =
1

2.75
+

1

2N
+

√0.75

6N2
 (3) 

  

PinLL = Ps +
2.75

3.75
 hfLL +

∆Z

2
 (4) 

  

PinBL = PinLL + hfBL +
∆Z

2
 (5) 

Where:  

hf is the pressure drop on the lateral line or manifold (m); 

Q is the flow in the pipes (m3 s−1);  

L is the length of pipes (m);  

F is the Christiansen’s head loss reduction factor 

(dimensionless);  

D is the pipe diameter (m);  

N is the number of outlets on the lateral line or 

manifold (dimensionless);  

λ is the local head loss factor (dimensionless);  

ΔZ is the topographic gap (m); 

Ps is emitter working pressure load (m);  

PinLL is the pressure load at the start of the lateral line 

(m), and  

PinBL is the pressure load at the start of the manifold (m). 

 

The local head loss factor was determined according 

to Gomes et al. (2010) (Equations 6 to 9). 

K = 1.387 OI 0.577 (6) 

  

OI = (
At − Ag

Ag
)

2

 (7) 

  

L𝑒𝑞 =
KD

f
 (8) 

  

λ =
𝑆𝑒 + L𝑒𝑞

𝑆𝑒
 (9) 

Where:  

OI is the obstruction index (dimensionless);  

K is the local head loss coefficient (dimensionless);  

At is the tube cross-section (m2);  

Ag is the internal dripper cross-section (m2);  

f is the friction factor (dimensionless);  

Se is the spacing between emitters (m), and  

Leq is the equivalent length (m). 

 

The data of the length of the lateral line of 54 m, the 

flow of 0.5805 m3 h−1, the internal diameter of 13.8 mm, and 

local head loss factor of 1.99 allowed obtaining a head loss 

of 4.86 m, which is within the limit that would be half the 

pressure variation in the subunit, corresponding to 10 m. 

The pressure required at the start of the lateral line was 13.6 

m. Nominal diameter of 32 mm was adopted for the 

manifold, whose internal diameter is 28.4 mm, flow rate of 

5.805 m3 h−1, length of 28.5 m, head loss factor of 1.32, 

obtaining a head loss of 3.26 m and meeting the criteria 

established for the dimensioning. 

The velocity criterion (Equation 10) was used for the 

dimensioning of the main line piping, in which the lower 

and upper limits were 1.0 and 2.5 m s−1, with a nominal 

diameter of 40 mm, whose internal diameter is 36.2 mm. 

The flow considered was 5.805 m3 h−1, corresponding to the 

flow of the manifold (irrigation of one subunit at a time), 

providing a speed of 1.57 m s−1. The head loss was 

determined using [eq. (11)], being calculated for each 

subunit, and considering its distance to the control station. 

v =
4Q

πD²
 (10) 

  

hfML =
0.00078Q1.75L

D4.75
 (11) 

Where:  

v is the flow velocity (m s−1), and  

hfML is the head loss on the main line (m). 

 

The manometric head required in each subunit was 

determined from the head loss at the control station and 

pump suction of 2.9 m, a variable topographic gap 

depending on the subunit in operation and the slope of the 

evaluated soil, and a variable head loss on the main line 

depending on the distance from the subunit to the pump 

(Equation 12). 

Hm = PinLD + hfLP + hfCC + hf𝑠 + ΔZ (12) 
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Where:  

hfCC is the head loss at the control station (m);  

hfS is the pressure drop at the pump suction (m);  

ΔZ is the topographic gap (m), and  

Hm is the manometric head (m). 

 

The pressure in each subunit was adjusted by partial 

closing of the gate valve (energy dissipative method) in tests  

without the use of the variable-frequency drive. On the other 

hand, the adjustment in tests using the variable-frequency 

drive was performed by controlling the motor supply 

frequency for each subunit. The simulation of the head loss 

on the main line and topographic gap was carried out by 

partially closing a gate valve installed in the discharge pipe, 

according to the procedure adopted by Moraes et al. (2014). 

Table 1 shows the values of manometric head required in 

each subunit for slopes of 0, 5, and 10%. 

 

TABLE 1. Pressure values in each subunit for slopes of 0, 5, and 10%. 

Subunit 

Slope (%) 

0 5 10 

Manometric head (m) 

1 and 14 20.59 21.94 23.29 

2 and 13 21.91 24.76 27.61 

3 and 12 23.22 27.57 31.92 

4 and 11 24.54 30.39 36.24 

5 and 10 25.86 33.21 40.56 

6 and 9 27.17 36.02 44.87 

7 and 8 28.49 38.84 49.19 

 

The electrical power demanded by the motor in the 

different scenarios was determined by measuring the 

current and potential difference, using a digital multimeter 

(Equation 13). The power factor was obtained from the 

engine manufacturer’s manual, considering the engine load 

in each evaluated situation. 

Po =  
√3 × V × I × cos α

1000
 (13) 

Where:  

Po is the consumed power (kW);  

V is the potential difference of the electrical grid (V);  

I is the electric current (A), and  

cos α is the power factor (dimensionless). 

 

The evaluated alternatives were compared from the 

total annual cost (Equation 14), considering the sum of the 

energy cost and the investment cost with the variable-

frequency drive (R$ 1,500.00) or valves (R$ 3,806.18 for 

the 14 valves) in current monetary values. 

TAC = I  
(1 + i)n i 

(1 + i)n − 1
+ C × Po × time (14) 

Where:  

TAC is the total annual cost (R$), i is the annual 

interest rate (dimensionless);  

n is the equipment useful life (years); 

I is the initial investment (R$);  

C is the electricity consumption tariff (R$ kWh−1), and  

time is the annual irrigation time (h). 

 

The useful life of the equipment was considered to 

be 10 years, annual irrigation time of 500, 1000, 1500, and 

2000 h, and annual interest rate (Selic interest rate) of 

12.53% per year, corresponding to the average of the 229th 

and 230th meeting of the Central Bank of Brazil’s Monetary 

Policy Committee (COPOM) (2017). The electric tariff for 

group B (low voltage) and rural consumer class was 

adopted, with monthly consumption above 300 kWh (R$ 

0.51214 kWh−1), according to LIGHT (2017). 

The classification in the rural class is due to the 

objectives of the study. Consumers of this category may be 

benefited from discounts in tariffs in case of practicing 

irrigation at night (Sá Júnior & Carvalho, 2016) although 

the price differentiation by time of use is not evaluated in 

this study. 

 

RESULTS AND DISCUSSION 

The electrical power demanded in each subunit for 

the 0, 5, and 10% slope conditions, with and without 

variable-frequency drive, is shown in Figure 2. In general, 

the power demanded in each subunit is directly 

proportional to the pressure required in the motor-pump 

set, with the lowest and highest power observed in 

subunits 1 and 7, respectively. 
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FIGURE 2. Power demanded in each subunit with and without the use of the variable-frequency drive: A. 0% slope; B. 5% 

slope; and C. 10% slope. 

 

The power required in the different slope conditions 

and between subunits were similar by the dissipative 

method (Figure 2), considering that the manometric head 

was maintained practically constant to allow the pump 

operating point to be also maintained at the project point. 

The manometric head was adjusted by controlling the 

partial closing of the gate valve, as the pressure demand in 

each subunit is different. 

The comparison between the slope and scenarios 

with and without the use of the variable-frequency drive 

showed a decrease in the demanded power when it was 

used. The demanded power for the 0% slope showed no 

significant increases along the subunits due to the small 

difference in manometric head required by the pumping 

system (Figure 2). However, the power required in the more 

distant subunits also increased as the slope increased. It 

demonstrates that the higher the slope, the higher the potential 

for energy savings when using the variable-frequency drive, 

as found by Moraes et al. (2014) in a center pivot prototype 

controlled through the variable-frequency drive. 

The difference between powers demanded with and 

without using the variable-frequency drive decreased as the 

subunits distanced from the motor-pump set under the 5 and 

10% slope conditions (Figure 2B and 2C, respectively), that 

is, a higher possibility of reducing energy consumption 

occurs in subunits closest to the motor-pump set. 

The potential savings under the 0% slope condition 

ranged from 46 to 58%, with the lowest value in the most 

distant subunit. The 5% slope condition presented savings 

of 60% in subunit 1 and 22% in subunit 7. The 10%         

slope showed values between 54 and 8% of electrical    

power reduction. 

The analysis of the area of the hydraulic project 

showed that the variable-frequency drive promoted a 

reduction in the demanded power of 51, 39, and 38% for the 

0, 5, and 10% slope, respectively. Moraes et al. (2014) 

evaluated slopes of 0, 10, 20, and 30% for a center pivot and 

observed energy savings of 48, 37, 26, and 16%, 

respectively, demonstrating the importance of this factor in 

energy savings. Córcoles et al. (2019) evaluated the 

feasibility of using variable-frequency drives to capture 

water from wells for irrigation and found energy savings 

ranging from 6.8 to 23%, depending on the characteristics 

of the irrigated areas and the dynamic variations of the water 

depth in the well. Araújo et al. (2006) obtained a power 

reduction of around 30% when using a variable-frequency 

drive in a conventional sprinkler system, considering the 

number of lateral lines in simultaneous operation. 

The fact that the 0% slope scenario has promoted the 

highest reductions in consumption when the variable-

frequency drive is used must be analyzed with caution 

because this result may vary depending on the power of the 
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motor-pump set. In cases in which the motor-pump set is 

oversized, as is the analyzed case, the slope does not affect 

the pumping costs when the drive is not used because excess 

pressure is dissipated in the form of pressure loss in the 

control valve, increasing the power that can be saved using 

the variable-frequency drive. 

Ferreira et al. (2008) analyzed energy efficiency in 

pumping systems and found that the potential for electricity 

savings when using a variable-frequency drive instead of 

the dissipative method depends on the proximity of the 

project point to the motor-pump operation point. 

Figure 3 shows the total annual costs under the 

conditions with and without the variable-frequency drive, 

terrain slopes of 0, 5, and 10%, and annual irrigation time 

of 500, 1000, 1500, 2000 h. The total annual cost is higher 

when no variable-frequency drive is used, regardless of the 

annual irrigation time. It occurs because the initial investment 

for the acquisition of valves is higher than for the acquisition 

of the variable-frequency drive, the latter still providing a 

reduction in the cost related to energy consumption. 

 

 

FIGURE 3. Total annual cost for different slopes and irrigation times. A. With the variable-frequency drive; and B. Without the 

variable-frequency drive. 

 

The annual irrigation time was decisive for the 

feasibility of the use of the variable-frequency drives in 

other irrigation systems (Carvalho et al., 2000; Araújo et al., 

2006; Córcoles et al., 2019). Araújo et al. (2006) found the 

leveling point between the number of hours worked and the 

economic feasibility of variable-frequency drives in center 

pivot motor-pump sets, considering various powers of 

drives associated with different working pressures. 

Córcoles et al. (2019) pointed out that the economic 

feasibility of this equipment depends on several factors such 

as energy savings, drive cost, and applied water depths. 

Carvalho et al. (2000) evaluated the feasibility of 

using variable-frequency drives to control the flow in 

irrigation systems and concluded that the decisive variables 

were the annual irrigation time and the demanded power 

reduction. However, the authors did not consider the 

reduction in costs related to the components of irrigation 

systems because it was a generic analysis. Pressure-

regulating valves in the micro-irrigation represented the 

largest portion of the initial cost in the economic analysis. 

The use of the variable-frequency drive promoted 

cost reduction under all the analyzed situations compared to 

the energy dissipative method, being higher for the 0% 

slope. An annual cost reduction of R$ 7,532.23 and R$ 

2,088.68 was obtained for annual irrigation times of 2000 

and 500 h, respectively, under this condition. In percentage 

terms, savings reached 71.43, 40.33, and 26.28% for the 0, 

5, and 10% slope scenarios. 

 

CONCLUSIONS 

1. The use of the variable-frequency drive was 

technically feasible for adjusting the hydraulic power in the 

subunits of the micro-irrigation system, presenting the same 

technical performance as the energy dissipative method. 

2. The use of the variable-frequency drive was 

the best economical alternative for all the evaluated 

conditions of relief and annual irrigation times. 
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