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ABSTRACT

Improving energy and water efficiency in irrigation pumping systems is essential for sustainable
resource management in irrigation-dependent regions. Although variable frequency drives are
widely used, their overall impact on energy-water performance under real-world irrigation
operating conditions remains insufficiently quantified. Laboratory and full-scale field
experiments were conducted, including testing at the Teshiktosh-1 irrigation pumping station in
Uzbekistan. Pump, electric drive, and overall unit efficiencies were evaluated using
dimensionless indicators normalised to nominal rotational speed. Statistical analysis was used to
derive empirical efficiency-frequency relationships. Pump and drive efficiencies decrease
nonlinearly as rotational speed decreases. At moderate speed reductions (up to ~50% of nominal
speed), electric drive losses dominate, whereas at lower speeds, pump losses become the
primary contributor to total energy losses. The obtained relationships differ from classical
affinity-law assumptions. Field validation confirmed their applicability. Variable frequency
drives implementation enabled water savings of about 313.6 thousand m? (=16%) and seasonal
energy savings of about 107,700 kWh (=14%). The findings demonstrate that variable-speed
control improves overall energy-water performance despite a partial reduction in efficiency at
lower rotational speeds.
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INTRODUCTION

Energy and water conservation are the most important sustainable development goals in
modern agriculture, especially amid increasing water scarcity and rising energy prices [1].
Irrigation systems account for a significant portion of global freshwater and energy

* Corresponding author



mailto:muxammadiyevmurodullamuxammadiyevich@tdtu.uz
mailto:li.marina@tsue.uz

Kan, E., Mukhammadiev, M., et al. Year 2027
Energy—Water Efficiency of Variable Frequency Drive Volume 15, Issue 1, 1140767
Control...
consumption |2], underscoring the need to improve their efficiency to ensure the long-term
sustainability of resources and protect the environment. Therefore, optimising the operating
modes of irrigation pumping systems is extremely important |3], as these modes directly affect
both energy consumption and water losses

This observation is valid for the sustainable development of the agro-industrial sector of the
Republic of Uzbekistan [5], where more than 1,600 reclamation pumping stations operate within
the Ministry of Water Resources system and annually consume up to 8.0 billion kWh of
electricity for water lifting [6]. The selection of an appropriate control strategy is a primary factor
influencing pump performance, with modern approaches increasingly focused on high-efficiency
regulation methods, such as impeller trimming |7]| and variable frequency drives (VFDs) [8, 9].
Among these, VFDs offer the advantage of flexible shaft-speed control, enabling better alignment
with water consumption schedules | 6], reducing unproductive water losses, and achieving energy

savings
Numerous studies have assessed the economic and technical performance of VFDs in
pumping stations under various conditions. For example, Cong Tian et al. investigated a

constant-pressure control system with VFDs in a mining pumping station. Frequency control
was used to maintain pressure, significantly reducing energy consumption automatically. The
authors did not provide quantitative energy savings data. Miladi et al. conducted
experimental studies on photovoltaic-powered pumping systems with standard frequency
converters, comparing manual and VFD-based control. By eliminating the DC-DC
converter and integrating MPPT into the VFD control, the system achieves efficient energy
utilisation, reduced cost, and improved reliability. Mukhamadeev and Yagafarova
analysed energy savings in oil and gas pipelines using frequency converters, while Shkileva
and Sidorenko reported a 35% reduction in energy consumption after implementing
VFDs at pumping stations. Research by Plua et al. focused on the analysis of
variable-speed control of pumps operating in turbine mode (Pumps as Turbines, PATs) to
improve the energy efficiency and sustainable use of hydraulic systems. Napierata’s study

showed that variable-frequency-driven pumps can adapt operating modes to changing
time-of-use tariffs, minimising operating costs. Ahonen et al. developed a method for
optimal speed control of pumps in systems with reservoirs. It was shown that speed
optimisation can improve the system’s overall energy efficiency without the need to
upgrade the pumping equipment.

The article by Yin and Zhang examined the use of frequency converters in automated
central heating control systems. Although the primary focus was on heating systems, the results
are directly applicable to pumping systems, as the authors analysed the impact of frequency
control on operational stability, energy consumption, and system reliability. The authors
confirmed that the use of frequency converters provides smoother flow control and reduces

energy losses compared to traditional control methods. Vasilev’s work focused on improving
the efficiency of frequency converters themselves, particularly by optimising pulse-width
modulation (PWM) algorithms. Dmitriev and Gerasimov’s work also analysed the energy

efficiency of frequency-controlled centrifugal pump units. The authors demonstrated that the use
of frequency converters significantly reduces specific energy consumption at partial loads
compared to throttle control. The article by Kazakbaev et al. was devoted to a
comprehensive analysis of the energy efficiency of variable-speed pump drives using two
types of electric motors: asynchronous motors (IM) and synchronous reluctance motors
(SynRM). The use of SynRM in the drive leads to higher losses in the frequency converter than
with IM, due to a lower power factor and higher current consumed. The article stated that
significant energy savings, approximately 36%, were achieved after implementing new motors
with variable-frequency drives. However, the introduction of VFDs increased harmonic
current distortion (THDI) by approximately 10%, which negatively impacted power quality.
Harmonic filtering or high-pulse drives were recommended.
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The reviewed studies highlighted the benefits of VFDs, yet they often focused on single
operating scenarios or non-irrigation applications, limiting their generalisability. Most of the
works are based on classical models of pumping characteristics and are limited to analytical
approaches. Irrigation pumping stations have specific operational characteristics, including
relatively uniform water consumption schedules and softer requirements for maintaining precise
pressure and flow compared to water supply systems [6]. Consequently, the energy-saving
potential of VFDs in irrigation pumping stations is not straightforward and may vary depending
on operating conditions. Changes in pump shaft rotation frequency affect not only energy
consumption but also pump efficiency, creating a trade-off that requires careful analysis. Despite
extensive research on VFD applications, the integrated effect of shaft speed control on both
energy efficiency and water conservation in real-world irrigation pumping stations remains
insufficiently quantified. In particular, the efficiency-frequency relationships under variable
irrigation schedules and their implications for sustainable water-energy management have not
been systematically studied.

Analysis of the operation of pumping units with deviations in rotation speed from the
nominal value shows that traditional affinity laws do not provide sufficient accuracy for deep
speed regulation. This observation was discussed in the studies of Li et al ,
Marchi et al. , and Afify et al. . They identified key aspects to consider when assessing
the efficiency of frequency converter use in pumping units at irrigation stations.

Despite the widespread use of variable frequency drive (VFD) technology in pumping
systems, there remains a lack of experimentally validated data describing the relationship
between pump and drive efficiency and changes in rotational speed under real-world operating
conditions of irrigation systems (considering changes in pump efficiency from changes in
rotational speed). The absence of such dependencies between efficiency and frequency limits
the ability to predict energy- and water-saving potential accurately at irrigation pumping
stations operating under variable seasonal demand.

In this context, this research addresses the identified gap by providing experimentally
validated efficiency-frequency characteristics obtained from both controlled laboratory tests
and full-scale field measurements at operating irrigation pumping stations. Unlike previous
studies, which are primarily based on theoretical models or limited experimental setups, this
work integrates real operational data under varying hydraulic loads and seasonal irrigation
regimes. The novelty of the study lies in the combined assessment of pump and drive efficiency
as a function of rotational speed, and the quantification of their joint impact on energy
consumption and water-use efficiency under practical operating conditions.

This study aims to analyse changes in the efficiency of pumps and pumping units under VFD
control, based on laboratory and field experiments, and to evaluate the impact of these changes on
the integrated energy-water performance of representative irrigation pumping stations. The
results provide a framework for optimising VFD implementation to support the sustainable
operation of irrigation infrastructure.

MATERIALS AND METHODS

This study employed both laboratory and field experiments to investigate the energy and
water efficiency of irrigation pumping units equipped with variable frequency drives (VFDs). The
experimental methodology was designed to quantify pump, drive, and unit efficiency under
variable rotational speeds, validate laboratory-derived efficiency-frequency relationships
under real operating conditions, and assess the integrated energy-water performance of
irrigation pumping stations.

Laboratory Experimental Setup

The primary laboratory experiments were conducted using a dedicated test rig, consisting of a
Lowara CEA 70/33 centrifugal pump, pipelines with valves and fittings, measuring and recording
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instruments, and a Danfoss VLT Micro Drive FC 051 frequency converter. Figure 1 presents the
photo of the laboratory bench, and Figure 2 shows the laboratory stand diagram.

The experimental procedure involved varying the alternating current frequency via the
frequency converter, thereby adjusting the rotational speed of the pump shaft. At each rotational
speed, the following parameters were measured:

e Inlet and outlet pressures using piezoresistive pressure Sensors;

e Flow rate using an electromagnetic flow meter;

e Electrical parameters (voltage and current) using a multimeter.

Frequency converter Dashboard

Regulating valve / Flowmeter Centrifugal pump

Figure 1. The laboratory stand
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Figure 2. The laboratory stand diagram: V — pipeline valves, P — pump, M — motor,
PS — pressure sensor, FC — frequency converter, RV — regulating valve, T — tank
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The recorded measurements were used to calculate the efficiencies of the pump, electric drive,
and overall pumping unit based on standard relationships between hydraulic power and electrical
input (see Section “Theoretical Analysis of the Efficiency of the Pump and Pumping Unit” for
detailed equations). This approach enabled the evaluation of energy consumption and hydraulic
performance across a range of operating conditions.

Verification Laboratory Setup

To verify the laboratory results and assess reproducibility, a second experimental setup was
assembled, featuring a serial console pump for both laboratory and field-scale experiments at a
representative irrigation pumping station. This setup (Figure 3a) comprised receiving and
pressure tanks, pipelines with shut-off and control valves, a pump (type K 1.5/18 with 1.5 kW
electric motor), and a frequency converter (ZMK1V Series Vector Inverter, 0.75 kW, 3-phase
380 V from ZHIMING Group Co., Ltd). The setup was equipped with control and
measurement devices, including a vacuum gauge on the suction line for monitoring suction
pressure, a pressure gauge on the discharge line, a calibrated dimensional triangular spillway
for flow measurements, a K 51 control and measurement complex for current and power
evaluation (Figure 3b), and a multimeter for monitoring electrical parameters at the input to
the frequency converter.

(2) (b)

Figure 3. General view of the laboratory stand (a) and the measuring complex K 51 (b)

Field Experiments

Field experiments were conducted at Teshiktosh-1 irrigation pumping station. Considered
representative of its type, it is the first irrigation pumping station in the Republic of Uzbekistan to
have frequency converters installed, enabling full-scale experiments under real operating
conditions [26].

The Teshiktosh-1 pumping station in the Jalal Kuduk district of the Andijan region was
commissioned in 1971 and has a capacity of 0.4/0.08 m?*/s. It draws water from the Teshiktosh
canal and delivers it through two steel pressure pipelines to a pressure basin. The pumping
station’s technical specifications are presented in Table 1. The setup replicated the laboratory
measurement protocol to evaluate pump performance under real operating conditions.

Measurements included:

e Pump rotational speed via frequency converter settings;
Suction and discharge pressures using installed sensors;
Flow rate using calibrated measurement devices;
Electrical consumption of the pump-motor unit.
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Table 1. The technical specifications of the Teshiktosh-1 pumping station

Parameter Unit Value
OVERALL
Irrigation area [ha] 467
Required pump flow rate [m3/s] 0.4/0.08
Maximum geometric pressure [m] 88/60
Installed capacity (kW] 250/75
Volume of pumped water per year [10° m3] 1,941
Electricity consumed per year [10° kWh] 436,000
MAIN PUMPS
Brand 200D-90
Number of units 4
Flow rate of one pump [m3/s] 0.08
MAIN PUMP ELECTRIC MOTORS
Brand All4-4,
AO-291-4
Nominal power [kW] 250/75
Voltage [kV] 10/0.4
Rotation speed [rpm] 1500/1470
Efficiency [%] 92.5

The combination of laboratory and field data allowed for validation of laboratory-derived
efficiency-frequency relationships and ensured their applicability to operational pumping
stations. The measurement results were used to calculate pump efficiency, electric drive
efficiency, and overall pumping unit performance, providing a robust dataset for assessing energy
and water-saving potential.

Data Processing and Analysis

Pumps 200D-90 with electric motor drive of 75 kW capacity and frequency converter
ZMKI1V Series Vector Inverter 75 kW 380 V 3PH are presented in Figure 4. For each
operating condition, relative dimensionless indicators were computed and normalised to the
nominal rotation speed. These indicators included pump efficiency #,, electric drive efficiency
Ne, pumping unit efficiency #.nir, and specific energy consumption [kWh/m?].

(b)

Figure 4. Pumps 200D-90 (a) and frequency converter
(b) at Teshiktosh-1 irrigation pumping station
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The procedure for conducting full-scale experiments was as follows: using a frequency
converter, the alternating current frequency and, accordingly, the pump shaft rotation speed were
varied. For each value of the pump shaft rotation speed, the electricity consumption parameters
(voltage and current) and the electric motor power were measured. Measurements of electrical
parameters were carried out at different phases at a specific rotational speed of the pump impeller
shaft. The measured power values were used to analyse the effect of changes in drive-shaft speed
on the efficiency of the electric drive (electric motor and frequency converter). Statistical analysis
was conducted using least-squares regression techniques to quantify the relationship between
pump efficiency and rotational frequency. Of the considered linear and polynomial regression
models, the optimal model structure was selected based on goodness-of-fit criteria, including the
coefficient of determination (R?), adjusted R?, and root mean square error (RMSE).

The statistical significance of model parameters was assessed using Student’s t-test, while
overall model adequacy was verified through analysis of residuals and Fisher’s F-test. Data
processing and regression analysis were performed using MS Excel. The obtained
relationships were subsequently applied to evaluate the integrated energy and water
performance of the irrigation pumping station. The normalisation approach, based on relative
efficiency and frequency ratios, allows the obtained results to be generalised to pumping
systems with similar operating conditions.

Theoretical Analysis of the Efficiency of the Pump and Pumping Unit

For the theoretical analysis of the problem, the relationships listed below were used
Pump efficiency 7, is considered as the multiplication of hydraulic, volumetric and mechanical
efficiencies:

B

= =Ml (D

Mp

where P, denotes pump power output, and P — pump power input.
Volume efficiency #, is defined as:

Y
n= 2
0+0, @
where Q denotes the flowrate, and O, — leakage flowrate.
Hydraulic efficiency 7 1s defined as:
H
Ty )
where H denotes the pump total head, and 4H — loss of head.
Mechanical efficiency #,, is defined as:
P-P va b,
- S __a 4
M 7 I 4)

where P denotes pump mechanical power losses.

Finally, the pumping unit efficiency 7. is expressed as the product of the efficiencies of the
unit’s components:
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7711 = UpnmutnFCUtmnsm (5)

where 7m0 denotes motor efficiency, nrc — frequency converter efficiency, and #uansm —
transmission efficiency (in our case, #zansm = 1).

To evaluate and compare the changes in pump efficiency when the rotation speed changes, the
laws of pump similarity (affinity laws) were used:

QO _|n |l
Qopl nopz nv,apt (6)
2
A B B
Hopt nopt 7711,01)1 (7)
3

i — L X 7711 x 77\1 X ﬂm (8)
B)pt nopt nh,opt nv,npt nm,opt

where Q, H, P, n, s, 1m denote flowrate, head, power, and volumetric, hydraulic and mechanical
efficiency of the pump at a speed of rotation n, while Qopr, Hopt, Popts Nv,opts Hhope denote flowrate,
head, power, volumetric, hydraulic and mechanical efficiency of the pump at the optimum rated
speed nop:.

When analysing changes in the pumping unit’s parameters, relative indicators were used. That
is, all values were determined relative to the basic ones (parameter values at nominal speed and
maximum efficiency). This approach will hold under the accepted hypothesis that using a
frequency converter will decrease efficiency.

The efficiency of a pumping unit with a frequency converter (5) will change when the speed
of the drive shaft changes:

. Mallee U/ T Iy P, P ©)
nu,opt np,opt nmot,opt nFC,opt nv,opt nh,opt nm,opt nmof,opt nFC,opt Ex,opt I)Inor

where P.: denotes driver power input and P, — driver power output.

P — mot ,u _
mot nmot nFC Pmot,u Pmat nmotnFC ( 1 0)
P P = [)mot,u ntranss
Pmut u =
’ ’7 transs

Then, the efficiency of the drive (electric motor and frequency converter) will change when
the pump shaft rotation speed changes:

77,,,0, 77FC _ f)u P)mot,opt 77\/,0pt77h,opt nm,opt ( 1 1)
ﬂmot,opt nFC,opt Pu,optRnot nv '711 nm

Considering expressions (10) and (11), expression (8) is transformed into:
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])motnmotnF C' ntmnsx — n x nh X nv X 77 m ( 1 2)
Pmot,r)plnmnl ,opt 77F C,opt nlmnx.&',npl nopt 7711,0,;1 nv,{)pt nm,r)pl

Driver power input Py can be determined using the well-known formula:
P, =P, +P,+P.=31Ucosg (13)

where [ denotes current [A], U — voltage [V], and cos ¢ — motor power factor.

Thus, according to the obtained expression (12), to identify patterns of changes in the
efficiency of the pump drive when using a frequency converter, it is necessary to consider the
balance of energy losses in the pump when the shaft speed changes [27].

Let’s first consider the change in the pump’s volumetric efficiency (#./7y,0p:) as the rotation
speed changes. The volume efficiency will change according to the formula:

)ele

Similarly, using expression (7), the dependence of hydraulic efficiency on shaft rotation

speed is obtained:
2
H | 1,y
nh,opt Hopt n

To obtain the dependence of the change in the mechanical efficiency of the pump when the
shaft rotation speed changes, expressions (1), (11) and (12) are used. Expression (1) is converted
first:

1
mn,

(16)

— PU
m P

Then, the change in the mechanical efficiency of the pump will occur according to the
following relationship:

3
77,,, _ Pu Pupr (nh,opt J[nv,opt ] _ Pu Papt Hopt L % (17)
nm,opz PPu,apt nh 77V PPu,opt H nopt Q
The change in the efficiency of the drive (motor and frequency converter) with engine shaft
speed was analysed. To do this, the previously obtained expression (12) was transformed:

3
Moolllrc | _| 1 X(Pmm_oprjx("tmnss,opr} M || Mo || (18)
77m01‘,opt771‘7 C,opt napt ])mot ntranss 77h ,opt nv,opt nm,opt
Taking into account that in our case #ansm = 1, it is possible to estimate the change in

the efficiency of the drive (electric motor and frequency converter) when using a
frequency converter:
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Ml |_[ 1] [ Proan JX | ) [ m (19)
nmol,nptnFC,opl nnpl Pmol 77h,0pl nv,npt 77m,0pl
Finally, the change in the efficiency of the pumping unit (electric motor, frequency converter
and pump) will be determined by the following relationship:

3 2 2 2
P
7714 — nmotﬂFCnu — L x ( mot,opt J x nh x 77\» x 77m (20)
771(,0])[ nmot.optnFC,optnu,opt nopt ljmot 77h,opt nv,opt 77m,opt
The above relationships between the efficiencies and the rotational speed of the pump
impeller shaft were used to process and analyse the results of laboratory and field experiments.

RESULTS

This section presents the results of the experimental and analytical study of the pumping unit
performance under variable-speed operation. The analysis focuses on variations in individual
efficiency components, drive efficiency, and overall system performance.

Variation of Pump Efficiency Components with Rotational Speed

As a result of the laboratory experiments, relationships describing how pumping unit
parameters (head, flow rate, power consumption, and efficiency) vary with shaft rotational speed
were obtained. All efficiency indicators were analysed in relative (dimensionless) form with
respect to their values at nominal rotational speed corresponding to maximum efficiency. Using
expressions (14), (15), and (17), changes in various types of efficiency in the pump resulting from
changes in the rotational speed (relative to the nominal rotational speed of the pump shaft) were
plotted as graphs. Figure 5 presents the relative variation in volumetric and hydraulic efficiencies
as shaft speed decreases, and Figure 6 illustrates the relative changes in mechanical efficiency
and overall pump efficiency.

Statistical processing of laboratory experimental data enabled the identification of empirical
relationships describing how individual efficiency components vary with rotational speed.
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a) b)

Figure 5. Graphs of changes in volumetric (a) and hydraulic (b) efficiency on the shaft speed, and
results of statistical processing
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Drive Efficiency under Variable-Speed Operation
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Figure 7. Graphs of the change in the drive efficiency with changing shaft speed: according to the
results of laboratory experiments (a), and according to the results of field experiments (b)
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Figure 8. Graph of changes in drive efficiency depending on the change in rotational speed
according to field and laboratory experiments
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The efficiency variation of the electric drive system, including the electric motor and
frequency converter, was evaluated using both laboratory and field experimental data.
Figure 7 shows the relative change in drive efficiency as a function of shaft rotational speed
obtained from laboratory experiments (Figure 7a) and full-scale field measurements at the
irrigation pumping station (Figure 7b).

Statistical processing of data from laboratory and field experiments made it possible to
identify the nature (curve in Figure 7) and analytical dependence of changes in the efficiency of
an electric drive (motor and frequency converter) depending on changes in rotation speed.

Figure 8 presents the curve showing changes in drive efficiency as a function of rotational
speed, based on field and laboratory experiments.

Overall Efficiency of the Pumping Unit

The combined effect of variations in pump and drive efficiencies determines the overall
efficiency of the pumping unit under variable-speed operation. Figure 9 presents the relative
change in the total efficiency of the pumping unit, including the pump, electric motor, and
frequency converter. The balance of energy losses within the pumping unit is illustrated in
(Figure 10) and (Figure 11).
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Figure 10. Efficiency changes affecting energy losses in the pump when the shaft speed changes
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Figure 11. Balance of energy losses in the pumping unit when the shaft speed changes

DISCUSSION

The experimental results obtained in this study are discussed in terms of pump
performance, energy-loss distribution, and the practical implications of variable-speed
operation for irrigation pumping systems.

Variation of Pump Efficiency Components with Rotational Speed

The results of the experiments show that the internal energy balance of the pumping unit
changes significantly when controlled at variable speed. The gradual decrease in volumetric
efficiency at lower rotational speeds (Figure 5a) indicates that internal leakage losses do not
scale linearly with flow and become the dominant factor at partial load. In contrast, the relative
stability of hydraulic efficiency with a moderate decrease in speed (n/np > 0.75) implies that the
flow geometry inside the pump remains relatively stable until a critical threshold is reached.
The high sensitivity of mechanical efficiency (Figure 6a) additionally confirms that fixed
mechanical losses (friction in bearings and seals) account for a large share of total energy
consumption as the useful output power decreases.

Drive Efficiency under Variable-Speed Operation

Both laboratory (Figure 7a) and field data (Figure 7b) show that drive efficiency
decreases steadily as shaft speed decreases. However, the rate of efficiency decline differs
between laboratory and field conditions, which differences in load characteristics, motor
ratings, and operating modes can explain. Despite these differences, the overall trends are
consistent, indicating that operating at partial load significantly reduces the efficiency of the
electric motor-frequency converter system.

Overall Efficiency of the Pumping Unit

As shown in Figure 9, the overall efficiency decreases continuously as shaft speed
decreases. This result highlights that, although variable-speed control can reduce energy
consumption by matching flow rate to demand, it simultaneously leads to a redistribution and
an increase in relative energy losses within the pumping unit. The redistribution of energy
losses within the pumping unit strongly depends on shaft speed (Figure 10) and (Figure 11).
At moderate speed reductions, losses in the electric drive become dominant, whereas at lower
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rotational speeds the relative contribution of pump losses increases. This behaviour indicates
that pump and drive efficiencies should be evaluated simultaneously when assessing the
performance of variable-speed pumping systems.

Comparison of Efficiency Calculation Formulas for Variable-Speed Pumps

The relationships that link the pump characteristics (flowrate O, head H, power P) operating at
different speeds (n;, n2) are described by the affinity laws. The approximation introduced in the
power-speed relation implies that the efficiency will remain constant at speeds n; and n>, i.e. that
the efficiency curve will be shifted only to the left in the case of speed reduction . Evaluating
the economic efficiency of variable-speed pumps requires, first of all, assessing the pump’s
efficiency at reduced speeds. This task is usually accomplished by using the affinity laws

The obtained results demonstrate that the efficiency of pumps and pumping units operating
under variable-frequency control cannot be assumed constant, even for moderate deviations of
shaft rotational speed from the nominal value. This finding challenges the commonly used
assumption derived from classical affinity laws, according to which pump efficiency remains
nearly unchanged for speed variations of up to 33-50% , , . The present
experimental results show that noticeable efficiency degradation occurs at significantly smaller
speed reductions, which is consistent with recent experimental studies on variable-speed pump
operation , . However, unlike most existing works, which rely on simplified analytical
models or limited laboratory conditions, the present study combines controlled laboratory
experiments with full-scale field validation under real irrigation operating regimes. This
approach allows for a more accurate representation of the actual performance characteristics of
pumping units in irrigation systems.

presents a comparison of the change in pump efficiency with a change in rotation
speed, calculated using different formulas and experimental data for the Lowara CEA 70/33
pump. The magnitude of the change in rotational speed is 20% (from 2900 rpm to 2320 rpm), and
the optimal efficiency is 42%.

Table 2. Comparison of the magnitude of the decrease in pump efficiency with a change in rotation
speed between calculated and experimental data

Pump Change in pump

: - Experimental
0
Authors Formula efﬁ[c(;:]ncy efficiency [%] efficiency [%]
Centrifugal pump _
Manufacturers 12 =1 42 0 37
0.32
Anderson 99-m, _ (QJ 38.92 3 37
0.9—-mn, 0,
0.1
Borza & Sarbu n=1-(-n, )(ﬂJ 40.69 1 37
n,
099 —7, | 1
Bordeasu et al. 0.99—7y | m 30.86 11 37
nl
1.73
Proposed formula UL 1.24(&j 35.40 7 37
m n
As shown in , the proposed formula yields the most accurate calculation of pump

efficiency under a 20% speed change. Calculations using the Anderson formula also provide
good results. The difference is that the Anderson formula will overestimate the actual pump
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efficiency. Therefore, when calculating the cost-effectiveness of implementing a frequency
converter, the proposed formula is preferable.

Statistical processing of data from laboratory and field experiments (Figure 8) made it
possible to identify the nature and analytical dependence of changes in the efficiency of an electric
drive (motor and frequency converter) depending on changes in rotation speed:

—MnolTre | _ 1 5690 |~ 0.569 1)
nmm‘ ,opt 77F C,opt nopt

Statistical processing revealed a consistent empirical dependence of drive efficiency on
rotational speed, demonstrating that even moderate reductions in shaft speed result in a
noticeable decrease in drive efficiency. This effect must be taken into account when evaluating
the energy performance of variable-speed pumping units.

The efficiency of the electric drive system, comprising the electric motor and frequency
converter, was found to decrease with decreasing shaft speed. Both laboratory and field
experiments revealed similar trends, despite differences in pump type, motor rating, and
operating environment. This agreement indicates that partial-load operation of the electric
drive is a critical factor affecting the overall energy performance of variable-speed pumping
units. The derived empirical relationship (21) for the variation in drive efficiency provides a
practical tool for estimating energy losses associated with the operation of frequency
converters in irrigation pumping stations.

Field Validation and Practical Application of Variable-Speed Pump Control

The agreement between laboratory and full-scale field experiments conducted at the
Teshiktosh-1 irrigation pumping station [26] confirms the applicability of the derived
efficiency-frequency relationships under real irrigation operating conditions. Unlike many
previous studies that rely primarily on laboratory-scale experiments or simplified analytical
approaches, the present work validates the relationships obtained using full-scale operating data.

0.2

o
[y
(8]

o
[y

Flow rate Q, m3/s

o
o
(]

MmooV v vevivil iIXx X Xt Xl

Duration of operation of pumps, months

Figure 12. Schedule of pumping station water supply

During certain periods: May, June, July, and August (Figure 12), the actual water supply
exceeds the water supply limit. During these periods, it is possible to reduce water supply
consumption using a frequency converter. Water supply savings during the above periods can
amount to 313.6 thousand m? (for three operating pumps) with a slight decrease in the efficiency
of the pumping units (up to 20—-30% from the graphs in Figure 10). Energy savings during the
growing season amounted to approximately 107,700 kWh. That is, water savings amounted to
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16%, and electricity savings were approximately 14 %. Application of the proposed formula (21)
made it possible to increase the accuracy of energy savings calculations by 1-2%, taking into
account the decrease in pumping unit efficiency when using a frequency converter.

From a practical perspective, these results are particularly relevant for irrigation pumping
stations, which typically operate under relatively stable flow and pressure requirements
compared to municipal water supply systems. In such systems, the primary benefit of
variable-frequency control lies in improved water management, reduced unproductive water
losses, and enhanced operational flexibility rather than in direct energy savings alone [6]. The
limitations of classical similarity (affinity) laws are clearly demonstrated by the present study.
When efficiency variations and energy-loss redistribution are neglected, the use of standard
affinity relationships may yield incorrect estimates of pump performance and economic
efficiency under variable-speed operation. Therefore, the use of experimentally validated
efficiency-frequency relationships is recommended for feasibility studies and operational
optimisation of pumping units equipped with frequency converters

A unique feature of this study is its comprehensive assessment of pump and drive efficiency
under variable frequency control in real-world irrigation pumping systems. Unlike previous
studies, which typically examined either the pump or drive separately, this one considers both
components together and their interactions under different operating conditions. Furthermore, the
study presents efficiency-frequency relationships derived from laboratory and field test data.
These relationships account for the redistribution of energy losses between the pump and drive —a
factor not always accurately reflected in traditional theoretical models or classical scaling laws.
This more accurate assessment helps better predict energy consumption and potential water
savings in irrigation pumping systems. Another important aspect was integrating
energy-efficiency and water-consumption indicators into a single analytical framework.

The integration of energy and water performance indicators is particularly important for
regions with high irrigation dependence and limited water resources. The proposed
methodology supports decision-making in irrigation modernisation programs, enabling more
accurate prediction of both energy consumption and water resource use.

Despite the consistency of the results, certain limitations should be acknowledged. First,
the empirical relationships were derived for specific pump types (centrifugal) and motor
ratings common in irrigation; their applicability to high-viscosity fluids or different pump
geometries (e.g., axial flow) requires further verification. Second, this study focused on
short-term performance metrics and did not account for the potential impact of long-term
equipment wear and cavitation on the efficiency-speed relationship. Future research should
explore these factors to enhance the longitudinal accuracy of the proposed models.

CONCLUSIONS

The objective of this study was to evaluate the impact of a variable frequency drive (VFD) on
the efficiency of a pump and pumping unit, and to assess its impact on combined energy and water
yield under real-world operating conditions in irrigation systems. Based on the obtained results,
the following conclusions can be drawn:

1. Experimental results from laboratory and field tests show that the efficiency of the pump,
drive, and the entire unit decreases with decreasing shaft speed. The assumption of constant
efficiency, based on classical scaling laws, is invalid even with moderate speed changes.

2. An analysis of energy losses shows that their distribution within the pumping unit
depends on the operating mode. With moderate speed reductions, energy losses in the electric
drive predominate, whereas at lower speeds, losses in the pump dominate. This observation
confirms the need to consider both pump and drive performance when evaluating
variable-speed operation.

3. The obtained empirical dependences of efficiency on frequency, validated under real-world
operating conditions, provide a higher accuracy in predicting energy consumption compared to
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traditional approaches. These relationships allow for a more reliable assessment of VFD

performance in irrigation pumping systems.

4. Despite the reduction in pump unit efficiency at partial loads, the use of variable frequency

drives (VFDs) significantly improves overall system performance.

5. Field test results (from Teshiktosh-1 pumping station) show water savings of approximately
16% and energy savings of approximately 14%, confirming the effectiveness of variable speed

control in irrigation systems.

Overall, the study demonstrates that VFD implementation should be assessed within the
framework of an integrated energy-water system. The proposed methodology provides a more
accurate performance assessment and can be used to optimise and modernise irrigation pumping

stations operating under variable demand.

NOMENCLATURE
Symbols
H pump total head
1 current (amperage)
n speed of rotation
Hopt optimum rated speed
P pump power input

pump mechanical power
P J,ab 1

0sses
Pro driver power input
Protu driver power output
P, pump power output
0 flowrate
03 leakage flowrate
Greek letters
y specific gravity

frequency converter
e efficiency
Nh hydraulic efficiency
Nim mechanical efficiency
Hmot motor efficiency
Np pump efficiency
Niransm transmission efficiency
Ny volume efficiency
p density
AH loss of head

Subscripts and superscripts

max maximum

min minimum

opt optimum
Abbreviations

FC frequency converter
FM flowmeter

M motor

P pump

[m]
[A]
[rpm]
[rpm]
[W]

[W]

[W]

[W]

[W]
[L/m, m%/s]
[L/m, m%/s]

[kg/m’]

[kg/m?]
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PS pumping station

PU pump unit

RV regulating valve

A% pipeline valve

VFD variable frequency drive
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