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Abstract: Center pivot irrigation is the predominant system in Brazil, particularly in the Southeast, Northeast, and Midwest 
regions. Many systems operate on sloping terrain (up to 15%), where pumps run continuously at full power, leading to 
unnecessary energy consumption in lower-elevation sections. Although frequency inverters can improve energy efficiency, 
their adoption remains limited due to high costs. This study aimed to develop and validate a low-cost pump rotation control 
system for center pivots for pearl millet (Penissetum glaucum L), considering system pressure variations and terrain slope 
changes. The system comprised a three-phase energy meter, control panel, flow and pressure transducers, digital display, 
pump, and a smartphone application. It was tested and validated on a center pivot for millet cultivation. The experiment 
was conducted in a completely randomized design with four treatments corresponding to terrain slopes of 2, 1, -1, and -2 
m. Morphological, physiological, and yield characteristics of millet plants, energy consumption, and irrigation uniformity 
were evaluated. Results showed that terrain slope did not affect water application uniformity (≈ 92.8%) or plant growth 
and yield. Moreover, the modernization reduced electricity consumption by 8.11%, with a cost 36.87% lower than 
commercial automation. Therefore, this modernization represents a technically viable option for center pivot systems, with 
increasing economic feasibility as terrain slope increases. 
 
Keywords: Automation; energy consumption; irrigation management; Penissetum glaucum L. 
Abbreviations: DU_distribution uniformity; DAS_days after sowing; NBI_ nitrogen balance index; GAB_green aerial 
biomass; GRB_green root biomass; DAB_dry aerial biomass; DRB_dry root biomass; PID_proportional integral derivative; 
CHL_chlorophyll content; FLAV_flavonols; ANTH_anthocyanins; NL_number of leaves; H_plant height; D_stem diameter. 
 
Introduction 
 
Center pivot has been established as the predominant irrigation system in Brazil, widely adopted in major grain, 
horticultural, and industrial crops due to its high operational efficiency (Embrapa, 2021). However, inadequate 
management can increase production costs through excessive electricity consumption (Medeiros et al., 2023) and 
compromise crop performance through excessive water application. In this context, modernizing center pivots that are in 
good mechanical condition represents a cost-effective strategy to improve energy efficiency and extend system lifespan 
without full replacement (Leite, 2007). 
Center pivot irrigation is recommended for medium- and large-scale farms, with a irrigated area of approximately 80 ha in 
Brazil (Lima et al., 2018). These systems are commonly installed on terrain with slopes of up to 15% and are designed to 
operate under worst-case conditions, with pumping designed for the highest elevation point. As a result, continuous 
operation at lower elevations leads to unnecessary energy consumption. The use of frequency inverters in pumping motors 
can mitigate this inefficiency; however, high investment costs still limit their widespread adoption. 
Previous studies have reported significant energy savings from inverter use, including reductions between 9.23-10.6% in 
electricity costs (Medeiros et al., 2010; Brar et al., 2017) and improvements in operational control, including regulation of 
current, power factor, and rotational speed, can enhance system flexibility and performance (Moraes et al., 2014). 
Additionally, adjusting pump rotation to match variable flow demand has been shown to optimize energy use, with reported 
electricity savings of up to 40.13% in center pivot systems operating on sloping terrain (Teixeira, 2014; Lima et al., 2015). 
Despite these advantages, variations in irrigation depth may occur across different terrain slopes and pump rotation speeds. 
Although this effect has been reported previously, motor speed variation using a frequency inverter has not been evaluated 
through pressure monitoring along the center pivot lateral line. 



524 
 

The objective of this study was to develop an alternative low-cost system to control the pump rotation of a center pivot 
based on irrigation pressure variation across different terrain slopes, as well as to evaluate energy consumption and the 
effects of maintaining a consistent irrigation depth on pearl millet crop performance. 
 
Results and Discussion 
 
Monitoring of electrical energy 
The inverter output results indicated improved phase balance when the system operated between 50 and 60 Hz, with 
voltages in the three phases approaching the nominal motor voltage of 380 V (Table 1). Similar behavior was reported by 
Pereira (2017), who observed stable operation in pump units with direct-on-line start and inverter-controlled motor speed 
within a frequency range of 49.67 to 62.29 Hz. 
Before the modernization, input voltages were lower due to system constraints, particularly the electrical cable gauge, 
which limited current flow and increased voltage fluctuations. When modulated at 50 Hz, phase voltages converged toward 
380 V, indicating proper inverter configuration for motor operation and corroborating recommendations for safe 
equipment performance (Fantin, 2016). 
 
Table 1. Line voltages at the frequency inverter output in the three-phase system before and after pump house upgrades. 

Output (Hz) 

Phase-to-phase voltage – before (V) 
L12 L23 L31 
 

393.8 396.5 397.6 
 

Phase-to-phase voltage – after (V) 
 L12 L23 L31 
10 83.9 83.9 83.8 
15 127.7 127.7 127.6 
20 161.1 161.2 161.1 
30 236.1 236.1 236.0 
40 308.5 308.5 308.4 
50 381.5 381.5 381.4 
60 381.9 382.0 381.9 
 
 
Monitoring of radio communication 
During the monitoring of the Wi-Fi communication link (Figure S14), the signal strength was excellent, allowing the electric 
currents of the motor to be monitored throughout a full rotation of the center pivot, with no data loss during transmission 
between the pivot and the pump house. Other studies using similar equipment reported satisfactory communication and 
system functionality (Duarte, 2010; Rolim, 2021). Therefore, automatic irrigation systems can be considered a viable tool 
to improve water use efficiency. 
 
Monitoring of pump power, pressure, and flow rate in the center pivot lateral line 
Without motor speed control, electrical energy consumption varied by 4.38%, ranging from 14.38 to 15.04 kWh⁻¹ (Figure 
S15), reflecting fluctuations in the voltage supplied by the utility during conventional operation at nominal motor power. In 
contrast, speed control using a frequency inverter resulted in electrical power ranging from 10 to 15 kWh⁻¹, with a mean of 
11 kWh⁻¹ (Figure S15), primarily due to topographic variability that alters the energy demand required to maintain motor 
rotation. These results reinforce the potential of motor speed control to reduce energy consumption in agricultural 
operations (Moraes et al., 2014). 
Regarding hydraulic performance, the center pivot without speed control showed pressure oscillations between 11 and 15 
mH₂O, with a mean of 13 mH₂O. Under speed-controlled operation, pressure remained stable around the target value, with 
a mean of 10.98 mH₂O, and minor variations (10–11.98 mH₂O) (Figure S16), attributed to the response time between 
pressure sensing along the lateral line and motor speed adjustment in the pump house. 
Under operation without speed control, the flow rate exhibited a mean value of 45 m³ h⁻¹, with values ranging from 44 and 
47 m³ h⁻¹, whereas inverter-controlled operation reduced the mean flow rate to 42.3 m³ h⁻¹, with values between 40 and 
44 m³ h⁻¹ (Figure S17). 
 
Energy and water use efficiency 
Pump speed control reduced flow rate by 6.58% and electricity consumption by 13.32% (Table 2), demonstrating the 
effectiveness of the low-cost Potamus system for automatic frequency adjustment based on pressure variation. Despite the 
lower flow rate, water distribution uniformity was maintained (DU = 92.8%). Operation with speed control resulted in a 6% 
reduction in applied water depth at full pivot movement, requiring a proportional increase in irrigation time; however, total 
electricity consumption remained 8.11% lower than that observed without motor speed control (with control: 30.63 kWh; 
without control: 33.34 kWh). 
Other studies have reported substantial energy savings with frequency inverter use in center pivot systems, with reductions 
ranging from 16% to 48% depending on terrain slope (Pereira et al., 2013; Moraes et al., 2014; Lima et al., 2015; Silva et al., 
2020). Differences in the magnitude of savings reported in the literature are mainly attributed to variations in terrain 
elevation, as greater topographic gradients increase the potential for energy reduction (Lima et al., 2015; Silva, 2020). 
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Table 2. Water and energy efficiency metrics of the center pivot irrigation system. 

 
Costs for center pivot modernization 
The proposed center pivot modernization achieved a 36.87% cost reduction compared with a commercial system (Table 
S2), mainly due to in-house manufacturing, imported materials, and shared labor structure. Although economic indicators 
such as net present value and payback were not evaluated (Alves Júnior et al., 2018), the lower modernization cost 
combined with reduced energy consumption directly decreases operational expenses.  
The integration of frequency inverters, telemetry, real-time monitoring, and automated control enhances system efficiency 
and supports uniform irrigation, which is critical for converting technological investment into economic return. The 
adoption of automation and intelligent control systems enables cost-effective and feasible improvements in irrigation 
management (Vieira, 2004; Pazuch, 2021; Campos et al., 2021). 
 
Water distribution uniformity 
After modernization, the center pivot achieved a DU of 92.8%, classified as excellent (Mantovani, 2001), under full-speed 
operation, low wind conditions (< 3 m s⁻¹), and a mean applied irrigation depth of 3.16 mm (Figure 4). This value exceeds 
those reported for similar sprinkler model (DU = 80.8%) (Bortoluzzi and Mattioni, 2021), indicating enhanced hydraulic 
performance. Motor speed control via a frequency inverter modified pump rotation and applied depth without affecting 
water distribution uniformity (Lima, 2009). Operating pressure remained within acceptable limits (1.4 kgf cm⁻² at the riser 
and 1.2 kgf cm⁻² at the last sprinkler), supporting efficient irrigation management and highlighting the role of pressure 
regulation in system performance and crop response (Martins et al., 2010; Santos et al., 2015; Nascimento et al., 2017). 
 
Plant morphology 
At 44, 79 and 107 days after sowing (DAS), no significant differences (p > 0.05) were observed between treatments for the 
variables evaluated (Table 3). The number of leaves showed minor spatial variation, with mean values of 5.15 and 5.12 at 1 
m and −1 m, respectively, and a slightly lower value at 2 m (5.03). Compared with Animasaun et al. (2024), plant height and 
number of leaves were higher than those reported for millet at 35 DAS, whereas stem diameter values were similar. 
Plant heights were lower than those observed by Reddy et al. (2021) and Khandelwal et al. (2024) during the grain-filling 
period (≈190 cm), but within the range (≈128–161 cm) reported by Raval et al. (2015). Climatic factors, including solar 
radiation, precipitation, and temperature, did not limit millet growth or development during the experimental period. 
Additionally, the absence of significant differences throughout the crop cycle indicates that elevation-related variation 
within the irrigated area did not influence millet biometric variables. 
 
Chlorophyll and polyphenols 
No significant differences (p > 0.05) were identified between treatments for the variables in the different DAS and for the 
crop cycle (Table 4), indicating that terrain elevation did not influence the physiological status of millet plants. The Nitrogen 
Balance Index (NBI), an indicator of plant nutritional status (Liu et al., 2021), showed lower values than those reported by 
Vitorino et al. (2020). 
Chlorophyll and anthocyanin values obtained using Dualex measurements were within the ranges documented for millet 
and other cereal crops (Cerovic et al., 2012; Silva et al., 2022; Vitorino et al., 2020). Overall, the stability of chlorophyll, 
anthocyanin, and NBI values indicates that topographic variation within the irrigated area did not affect the physiological 
condition of millet plants and supports the use of Dualex-derived indices as indicators of plant physiological status under 
irrigated conditions. 
 
Soil moisture  
Saturated soil moisture (0.515 m³ m⁻³), field capacity (0.317 m³ m⁻³), critical point (0.224 m³ m⁻³), and permanent wilting 
point (0.193 m³ m⁻³) were within the expected range for the soil of the center pivot area (Medrado and Lima, 2014). 
Throughout the crop cycle, soil water content remained between field capacity and the critical point across all sampling 
periods, indicating the absence of water restriction for millet plants (Table 5). Soil moisture monitoring showed no 
significant differences (p > 0.05) for treatments and depths, and comparisons between the highest and lowest terrain 
positions indicated no influence of topography on soil water status, consistent with sensor-based monitoring approaches 
applied in similar soils (Antunes Junior et al., 2018). 
Likewise, no significant differences (p > 0.05) were observed in mean applied water depth over the crop cycle (Table 6). 
The mean daily irrigation depth was 6.79 mm, resulting in a total depth of 229.09 mm, with no detectable effect of terrain 
elevation on water application. These results indicate that the irrigation system provided adequate and uniform water 
supply throughout the cycle, which is essential for proper crop development and irrigation efficiency (Nascimento et al., 
2017). 

 
Operation 

Condition Mean flow rate (m3 h-1) 
Mean electrical energy 
consumption 
(kWh) 

Without control 107.52 29.80 
With control 100.44 25.83 

Calculated savings 
Difference 7.08 4.44 

% Difference 6.58 % 13.32 % 
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Table 3. Number of leaves (NL), plant height (H; cm), and stem diameter (D; mm) of millet at 44, 79, and 107 days after 
sowing (DAS), and cycle means for treatments under center pivot motor–pump speed control. 

DAS Treatments NL H D 

44 

1 5.06 (±0.11)a 58.17 (±1.7)a 6.83 (±0.16)a 
2 5.15 (±0.09)a 58.25 (±1.1)a 6.70 (±0.11)a 
3 5.12 (±0.14)a 52.22 (±1.2)a 6.24 (±0.18)a 
4 5.03 (±0.10)a 56.24 (±0.8)a 6.36 (±0.14)a 
Significance ns ns ns 

79 

Treatments NL H D 

1 6.22 (±0.11)a 122.47 (±0.9)a 8.03 (±0.69)a 
2 6.29 (±0.33)a 127.12 (±2.8)a 8.17 (±0.12)a 
3 5.89 (±0.18)a 115.33 (±2.7)a 7.20 (±0.33)a 
4 6.09 (±0.12)a 114.16 (±1.8)a 8.18 (±0.36)a 
Significance ns ns ns 

107 

Treatments NL H D 

1 6.42 (±0.42)a 153.27 (±6.3)a 8.99 (±0.36)a 
2 6.44 (±0.21)a 156.01 (±5.5)a 8.34 (±0.19)a 
3 5.98 (±0.18)a 152.36 (±2.8)a 7.84 (±0.42)a 
4 6.21 (±0.19)a 150.35 (±3.8)a 8.82 (±0.38)a 
p-value ns ns ns 

Crop cycle 
Treatments NL H D 

1 to 4 5.83 (±0.35)a 109.66 (±3.2)a 7.64 (±0.49)a 
Significance ns ns ns 

**: Significant by F test at 5% probability; ns: not significant. Means followed by the same letter do not differ by Tukey’s test 
(5%). (±) Standard error of the mean. 
 
Table 4. Nitrogen balance index (NBI), chlorophyll (CHL), flavonols (FLAV), and anthocyanins (ANTH) of millet at 44, 79, 
and 107 days after sowing (DAS), and cycle means for treatments under center pivot motor–pump speed control. 

DAS Treatments NBI CHL FLAV ANTH 

44 

1 10.93 (±0.48)a 23.88 (±0.16)a 2.55 (±0.19)a 0.36 (±0.04)a 

2 11.68 (±0.25)a 24.47 (±0.10)a 2.59 (±0.18)a 0.35 (±0.06)a 

3 9.79 (±0.29)a 23.31 (±0.13)a 2.30 (±0.08)a 0.30 (±0.02)a 

4 10.23 (±0.55)a 23.09 (±0.07)a 2.26 (±0.17)a 0.29 (±0.05)a 

Significance ns ns ns ns 

79 

Treatments NBI CHL FLAV ANTH 

1 16.21 (±0.62)a 47.02 (±1.20)a 2.82 (±0.18)a 0.39 (±0.04)a 

2 16.83 (±0.49)a 47.11 (±1.27)a 2.92 (±0.10)a 0.44 (±0.01)a 

3 16.02 (±0.39)a 45.63 (±1.80)a 2.63 (±0.11)a 0.36 (±0.01)a 

4 16.10 (±0.58)a 46.29 (±1.93)a 2.97 (±0.17)a 0.40 (±0.02)a 

Significance Ns ns ns ns 

107 

Treatments NBI CHL FLAV ANTH 

1 17.52 (±0.2)a 48.29 (±0.4)a 3.67 (±0.19)a 0.60 (±0.02)a 

2 18.84 (±1.3)a 50.67 (±1.5)a 3.83 (±0.09)a 0.61 (±0.09)a 

3 17.02 (±0.6)a 49.03 (±0.6)a 3.19 (±0.23)a 0.44 (±0.04)a 

4 16.77 (±0.4)a 48.93 (±0.12)a 3.26 (±0.11)a 0.47 (±0.08)a 

Significance ns ns ns Ns 

Crop cycle 

Treatments NBI CHL FLAV ANTH 

1 to 4 14.83 (±0.2)a 39.81 (±1.5)a 2.92 (±0.15)a 0.42 (±0.06)a 

Significance ns ns ns ns 
**: Significant by F test at 5% probability; ns: not significant. Means followed by the same letter do not differ by Tukey’s test 
(5%). (±) Standard error of the mean. 
 
 
Phenometric data 
At 115 DAS, no statistically significant differences (p > 0.05) were observed between treatments for green aerial biomass, 
green root biomass, dry aerial biomass, and dry root biomass of millet plants; low standard errors indicate high 
experimental uniformity (Table 7). Extrapolated biomass productivity, based on mean plant weight and final stand in the  



527 
 

 
                Table 5. Mean soil moisture dynamics for slope treatments throughout the millet crop cycle. 

Treatments 
Soil depth 

0-0.15 m 0.15-0.25 m 0.25-0.35 m 0.35-0.45 m 

1 to 4  
(m3 m-3) 0.27 (±0.18)a 0.292 (±0.5)a 0.321 (±0.47)a 0.331 (±0.23)a 

Significance ns ns ns ns 

**: Significant by F test at 5% probability; ns: not significant. Means followed by the same letter do not differ by Tukey’s test 
(5%). (±) Standard error of the mean. 
 

Table 6. Daily mean and total irrigation depth for treatments during the millet crop cycle. 
Treatments Daily (mm) Total (mm) 
1 6.77 (±0.3)a 229.32 (±0.4)a 
2 6.74 (±0.3)a 224.77 (±1.5)a 
3 6.80 (±0.1)a 230.23 (±0.6)a 
4 6.85 (±0.3)a 232.05 (±0.12)a 
Significance ns ns 

**: Significant by F test at 5% probability; ns: not significant. Means followed by the same letter do not differ by Tukey’s test 
(5%). (±) Standard error of the mean. 
 
Table 7. Green aerial biomass (GAB; g), green root biomass (GRB; g), dry aerial biomass (DAB; g), and dry root biomass 
(DRB, g) of millet at 115 days after sowing. 

Treatments GAB GRB DAB DRB 
1 0.61 (±0.013)a 0.22 (±0.003)a 0.21 (±0.001)a 0.12 (±0.001)a 
2 0.61 (±0.013)a 0.23 (±0.003)a 0.22 (±0.001)a 0.12 (±0.001)a 
3 0.65 (±0.013)a 0.23 (±0.003)a 0.22 (±0.001)a 0.13 (±0.001)a 
4 0.62 (±0.015)a 0.22 (±0.003)a 0.23 (±0.001)a 0.12 (±0.002)a 
Significance ns ns ns ns 

**: Significant by F test at 5% probability; ns: not significant. Means followed by the same letter do not differ by Tukey’s test 
(5%). (±) Standard error of the mean. 
 
central pivot area, indicated 32% dry matter at harvest (Figure 5). Fresh biomass yield reached 56.04 t ha⁻¹, while dry 
biomass yield reached 17.76 t ha⁻¹. These values are higher than those reported for irrigated millet, with fresh biomass of 
21.43 t ha⁻¹ and dry biomass of 5.75 t ha⁻¹ (Ferreira et al., 2020), as well as dry biomass yields of 14.99 t ha⁻¹ (Reddy et al., 
2021) and 11.14 t ha⁻¹ (Khandelwal et al., 2024). 
 
Materials and Methods 
 
Location and description of the center pivot before modernization 
The experiment was conducted under a center pivot irrigation system at the Federal University of Goiás, Goiânia, Goiás, 
Brazil (16°35′ S, 49°16′ W; 722 m). The system comprised a reservoir-fed pumping station equipped with a three-phase 
induction motor (WEG, 25 HP, 380 V) coupled to a centrifugal pump (KSB 40-200; 3500 rpm; total head of 32 mH₂O) and 
an analog control panel, connected to a 5″ galvanized steel suction line and a 4″ galvanized steel mainline (356 m) (Figure 
S1). 
The center pivot consisted of a single-span lateral line (88.08 m) with an overhang, standard height of 2.7 m, no end gun, 
and 39 outlets equipped with drop tubes, pressure regulators (10 PSI; 7 mH₂O), and sprinklers. Operating pressures were 
15 mH₂O at the pivot base and 13 mH₂O at the end of the lateral line, and the applied irrigation depth at a 100% flow-meter 
setting was 3.37 mm (Figure S2). 
 
Physical adjustments 
The modernization comprised electrical, hydraulic, and infrastructure upgrades to the pumping station and center pivot 
system. The original distribution panel was replaced by a centralized, isolated cabinet with rerouted power cables in PVC 
conduits, and new instrumentation was installed to monitor voltage, current, frequency, and apparent, active, and reactive 
power, including a multimeter and a frequency inverter (Figures S3 and S4). 
Wireless antennas enabled remote system management (Figure S5). Hydraulic adjustments included adjustable metal 
supports at suction and discharge points, flow transducers at 39 sprinkler drop tubes, and pressure transducers installed 
at the pivot base, mobile tower, and overhang end (Figures S6 and S7).  
A digital control panel was developed and installed on the central tower enabled automated operation and programming of 
irrigation depth, travel speed, rotation direction, operation with or without water, fertigation activation, scheduling, angular 
position tracking, flow monitoring, and electrical current measurement (Figure S8). 
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Figure 1. Diagram of the experimental area illustrating the distribution of treatments (1: 2 m; 2: 1 m; 3: −1 m; and 4: −2 m). 
 

 
Figure 2. Collector layout for water application uniformity assessment: (A) collector rows; (B) two radial rows (3° apart; 3 
m spacing; 0.5 m height); (C) graduated cylinder for water depth measurement; and (D) manometer installed at the pivot 
end. 
 
Experimental design and millet cultivation system 
The experiment followed a completely randomized design with four treatments and 16 replicates defined by terrain slope 
along an 88 m center pivot span: two uphill positions (2.0 m, 2.3%; and 1.0 m, 1.15%) and two downhill positions (−1.0 m, 
−1.15%; and −2.0 m, −2.3%) (Figure 1). Each replicate consisted of a single millet plant (Pennisetum glaucum L.) located 40 
m from the pivot center and used for biometric, physiological, and soil water status assessments. Millet (cultivar ANm07) 
was sown at 10 kg ha⁻¹ (10.6 seeds m⁻¹) with 0.9 m row spacing, plant density of 10 plants m⁻¹ (111,000 plants ha⁻¹); seed 
purity and germination were 98% and 75%, respectively, and sowing uniformity showed a coefficient of variation of 
20.47%.  
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Figure 3. Soil moisture and precipitation monitoring setup: (A) data collection station; (B) installation of EC-5 sensors at 
multiple soil depths; and (C) station in operation. 
 

 
Figure 4. Applied water depth under center pivot irrigation operating without (blue line) and with (red line) motor speed 
control. 

 
Figure 5. Fresh (blue) and dry (orange) biomass yields of millet across treatments under center pivot motor–pump speed 
control. 
 
 
Emergence started on 1 July 2023, with the final stand established on 4 July 2023 (≈10 plants m⁻¹); no basal fertilization 
was applied due to organic certification. The experiment was performed from 27 June to 20 October 2023. For soil 
characterization, disturbed samples were collected at 0–0.20 m depth from upper, central, and lower positions within the 
pivot area (Table S1), and the soil was classified as a dystrophic Red Latosol with sandy-clay texture (Santos et al., 2018). 
 
Modernized center pivot, irrigation management, and cultural practices 
Irrigation management and system operation were performed via a digital control panel installed on the center pivot, with 
remote monitoring through a smartphone application (Figure S9). Scheduling followed crop evapotranspiration–based 
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recommendations considering air relative humidity and mean air temperature for Goiânia, Goiás (Marouelli et al., 2008). 
The 115-day crop cycle was divided into four phenological stages: initial establishment (I), vegetative development (II), 
inflorescence formation and grain filling (III), and pre-harvest (IV), with respective water depth allocations of 10%, 35%, 
40%, and 15%. 
From 28 to 30 June 2023, three daily irrigations of 7.38 mm were applied to ensure emergence and stand establishment; 
thereafter, irrigation depths were adjusted according to stage-specific crop water requirements and monthly climatological 
normals provided by the National Institute of Meteorology (INMET). Irrigation intervals were set at 2 days for stages I–II 
and 4 days for stages III–IV, considering root system development and soil texture. Additionally, weed control was 
performed at 25 and 45 days after emergence, and no additional cultural practices were applied due to the organic 
certification of the experimental area. 
 
Uniformity of water application after modernization 
Water application uniformity was evaluated after modernization using Senninger I-Wob emitters with nine-groove 
deflectors and 10 PSI (7 mH₂O) pressure regulators. Collectors were installed along two radial lines from the pivot center 
at a 3° angle and 3 m spacing, using cylindrical cups (0.08 m diameter, 0.102 m height) mounted on 0.75 m aluminum rods 
in accordance with NBR 14.244 (ABNT, 1998). Operating pressure was measured at the pivot base and at the end of the 
overhang using a glycerin-filled manometer and applied water depth was determined with a graduated cylinder (Figure 2). 
 
“Potamus” system for motor rotation control via pressure sensor 
A control system designated “Potamus” was developed for real-time monitoring and automated control of a center pivot 
irrigation system (Figure S10). The system operates in parallel with the original pivot infrastructure and can be adapted to 
other center pivot systems, enabling monitoring of motor energy consumption, discharge flow rate, applied irrigation depth, 
and pivot operation with or without water. Motor speed control was implemented based on pressure transducer readings, 
with user-defined pressure setpoints configured via a digital control panel. 
Motor rotation was regulated using a proportional–integral–derivative (PID) control algorithm (Figure S11). Pressure 
signals were acquired by pressure transducers (Novus NP400) installed at the central tower, mobile tower, and overhang 
section, processed by ESP32 microcontrollers, and transmitted via Wi-Fi (2.4 GHz). Control commands were sent through 
RS485 communication to a three-phase variable frequency drive (HC800, 25 CV / 18.5 kW), which adjusted motor frequency 
according to the control algorithm. The target operating pressure was set at 11 mH₂O, and system operation could be 
initiated locally through the pivot control panel or remotely via a SCADA-based smartphone interface (Figures S12 and S13). 
 
Biometric and Physiological analyses of millet plants 
Biometric measurements of millet plants were performed at 44 DAS and repeated at 28–35 day intervals, including plant 
height, stem diameter, and number of leaves per plant. Plant height was measured with a measuring tape, and stem diameter 
was measured 5 cm above the soil surface using a digital caliper on 16 plants per treatment. At 115 DAS, plants were 
harvested and separated into aboveground biomass and roots. Fresh mass was determined using an electronic scale; 
samples were then washed, oven-dried at 65 °C to constant weight, and weighed to determine dry aboveground and root 
biomass. 
Chlorophyll content, flavonols, anthocyanins, and the nitrogen balance index (chlorophyll/flavonols) were measured using 
a leaf analyzer (Force A®, DUALEX Scientific™) on the +1 leaf, defined as the first fully expanded leaf with a visible sheath 
from the apex toward the base (Oliveira et al., 2010), avoiding the central vein. Evaluations were conducted on sixteen 
plants per experimental plot at 44, 79, and 107 DAS. 
 
Soil moisture profile and applied water depth assessment 
Soil moisture and applied water depth were monitored throughout the crop cycle using four stations (one per treatment), 
each equipped with four sensors (EC-5, Decagon Devices) installed at depths of 0.15, 0.25, 0.35, and 0.45 m and a rain gauge 
(ECRN-50) connected to an EM-50 datalogger (Figure 3). Measurements were recorded every 20 minutes, with data 
downloaded biweekly. Field capacity, permanent wilting point, soil texture, organic matter, and bulk density were 
determined from undisturbed soil cylinders (5 cm × 5 cm) collected for each monitored layer. 
 
Data analysis 
Evaluations of center pivot irrigation performance were conducted over two days, starting at 09:00 h, with two irrigation 
operations covering a full rotation of the center pivot in the counterclockwise direction. Data were subjected to analysis of 
variance (ANOVA) using R software, and Tukey’s test was applied at the 5% significance level. 
 
Conclusion 
 
The low-cost Potamus system effectively modernized and automated center pivot operation, reducing pump motor 
electricity consumption by 13.32% and by 8.11% after irrigation time adjustment to maintain the target water depth, while 
achieving modernization costs 36.87% lower than those of commercial solutions.  
Pressure-based motor speed control did not compromise irrigation performance, maintaining soil moisture in the 0–0.25 
m layer between field capacity and critical moisture levels throughout the crop cycle and preserving high water distribution 
uniformity (≈ 92.8%), which ensured consistent millet responses across terrain slopes. In addition to improving energy 
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efficiency, the system enabled real-time monitoring of three-phase electrical power quality, making it a cost-effective and 
scalable alternative for enhancing the energy and hydraulic performance of center pivots, particularly in sloping terrain. 
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