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ABSTRACT
The use of pumps working as turbines (PATs) connected to the electric system, in the replacement of pressure
reduction valves to reduce the excessive pressure in water distribution networks, have been studied for the last
years. The introduction of PATs is very important in the water-energy nexus to promote the increase of the energy
savings. As consequence, the majority of the water systems does not have access to the electrical grid and,
therefore, the need to study the PATs operation off-grid is necessary. In this line, the novelty of this research is the
application and optimization of a PAT in water systems when the recovery solution is off-grid type. To operate
correctly, the induction machine requires an external source of reactive power, which is typically provided by the
electrical grid. To supply the required reactive power, a bank of capacitors is installed at the machine terminals,
so-called self-excited induction generator (SEIG). The analytical model, simulation and experimental works were
performed, to analyse the SEIG behaviour. The results were applied in a SEIG-PAT system obtaining the global
efficiency of the system for different speeds and loads. The global efficiency decreases 47% when off-grid
operation, showing the need to optimize the electrical parameters of the generator to operate as off- grid with
acceptable efficiency levels. In this framework, a tuning methodology for the SEIG capacitor bank values was
developed to be automatically adjusted according to the operating point of the PAT to maximize its efficiency.
KEYWORDS: Self-Excited Induction Generator (SEIG); water-energy nexus; PAT isolated to the grid; energy
efficiency;
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Introduction
In some contexts, such as the case of rural and remote areas, the installation of micro-hydro power
sources to generate and store energy can be a good alternative to supply or complement the energy
demand of these areas (Pearre and Swan, 2015; Khaled and Khalil, 2017). Possible applications of these
solutions are huge, as water distribution systems are present in any infrastructure and public works all
around the world. For example, in Vallada’s network (Valencia, Spain), studies indicate to be possible
to recover up to 188 MWh/year for 910000 m3/year (0.201 kWh/m3) (Pérez-Sánchez et al., 2016) that
is being wasted in the WDS. If this recovery potential is extended to the worldwide irrigate
consumption, that is currently 117 km3/year in drip irrigation, the energy saved in irrigation water
systems would be significant. These values can contribute to reduce the consumption of non-renewable
energy that are currently used, such as the use of diesel generator (Pérez-Sánchez et al., 2017). In supply
networks, the energy recovery was similar with obtained values oscillating between 1 and 5 % of the
provided energy in the network (Samora et al., 2016). Other examples are the pressurized water
networks (irrigation and drinking) ( Samora et al., 2016; Romero et al., 2017) and wastewater treatment
plants, which can improve its energy efficiency by the installation of the energy recovery in the sludge
line (Longo et al., 2016; Power et al., 2017).
One viable solution is the installation of a pump working as turbine (PAT) (Ramos and Borga, 1999;
Ramos and Borga, 2000; Ramos and Ramos, 2009; Pérez-Sánchez et al., 2017), which can operate under
the variable operation strategy (VOS) to maximize the recovered energy used in the pumping water
system (Fecarotta et al., 2016; Barbarelli et al., 2017;) and to provide balancing in the response of water
distribution systems (WDS) (Ruben et al., 2016). Particularly, the impact in the overall energy
efficiency of the system is great, as PATs replace valves (which lose the energy) by turbines (which
recover this energy). This kind of energy recovery, complemented by energy storage units, presents a
well-known technology and offers a low cost solution, easy installation and also maintenance (Oliveira
e Silva and Hendrick, 2016), mainly for energy systems without a power grid connection.
One of the main concerns about the PAT are the lack of pump information given by the manufacturer
for the turbine mode. Several mathematical studies have been focused on estimating the PAT curves
from the available information (Dario Buono et al., 2015) for different types of turbines, as Turgo,
Cross-flow and Agnew turbines (Mosè Rossi et al., 2016).
In parallel, the most typical electrical machines used in WDS systems are the induction ones, which are
also capable of operating as generator. In off-grid cases, when the induction generator (IG) is not
connected to the power grid, it requires a minimum capacitance to keep it excited for different loads
(Eltamaly, 2002). The behaviour of a self-excited induction generator (SEIG) system off-grid type is
not new. This is only valid for cases where its load impedance is relatively constant and generator
motive power is characterized by small fluctuations. For example, micro-hydro run-of-the-river power
plants are the ideal example mainly due to its use in rural activities (Balkair et al., 2017). On the other
hand, low power and off-grid wind induction generators are characterized by large fluctuations that also
demand capacitance values to be adjusted to the maximum power extraction (Ayodele et al., 2017). For
PATs, recent applications as substituting pressure reducing valves (Lima et al., 2017) and even for
energy recovery in WDS (Carraveta et al., 2014), the electric load and/or hydraulic power change by
large flow fluctuations and therefore, the analysis acquires sense.
PAT systems with off-grid operation are characterized by different operating modes that will have an
impact in the global efficiency of the energy recovery system, due to the SEIG and the hydraulic turbine
efficiencies. Therefore, the electric and hydraulic regulation should be considered to maximize the
recovered energy in the pressurized water system (Carravetta et al., 2013a, 2012; Carravetta et al.,
2014a). A symbiosis between hydraulic and electric system is necessary in terms of excitation and
regulation of the rotational speed. This application will play an important role in the future due to the
high number of opportunities to install them in pressurized water systems to improve the energy
recovery and reduce the energy losses.
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The aim of this work is to analyse the connection between hydraulic and electric systems to regulate it for its best
overall efficiency. This is not currently analysed deeply in the expert literature since there is only analysis for the
hydraulic system or connected to the grid (Pérez-Sánchez, 2017). Therefore, knowing the actual deficit in this
framework, this paper presents an off-grid system of a self-excited induction generator (SEIG), in which the
analytical development and computational model are used to solve the system dynamic. Once these numerical
analyses were defined, an experimental application of the SEIG was developed. Finally, as novelty, the SEIG was
applied on a hydraulic facility to analyse the behaviour of this hydraulic system when connected to a recovery
electrical machine and to regulate it to the best system efficiency. The hydraulic analysis enabled to determine the
global, hydraulic and electric efficiencies when it operates as off-grid connection. These values were then
compared with the ones obtained when connected to the grid.
2
Material and Methods
This section describes the methodology for an automatic tuning of capacitor bank in self-excited induction
generators to maximize energy efficiency in the PAT. The system will be off-grid and a standard induction motor
will be used. Specifically, using an induction motor as generator significantly diminishes the cost of the PAT
electrical equipment.
2.1

Self-Excited Induction Generator. Proposed Automatic Tuning Design for PATs

Standard squirrel-cage induction motors of small power (up to 1 or 2kW), operating as low-voltage generators,
today, have their cost lower than synchronous generators, requiring not only less complex control (reduction in
maintenance costs) but also showing a great robustness due to its simple form of construction. Since its inherent
reversible motor/generator characteristic, when the induction machine is mechanically coupled to a prime mover,
the rotor exceeds the synchronous speed and becomes generator of active power, standing out why it does not
require any synchronization equipment and also having a good over-speed capability and short-circuit protection.
Fig. 1 shows a scheme of the PAT and a self-excited induction generator system. The system is composed by a

variable capacitor bank connected at the induction machine terminals to supply its required reactive power. When
the machine starts rotating, driven by the hydraulic turbine, a small voltage is induced in the stator coils with a
frequency proportional to the rotor angular speed (ω r ), due to the angular variation of the machines’ magnetic
reluctance. With this small voltage, the capacitor bank starts producing reactive currents, thus providing reactive
power (𝑄𝑄𝑆𝑆 ), increasing the voltage and magnetizing the induction machine.
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Fig. 1 – Illustrative scheme of the self-excited induction generator system for a stand-alone PAT system.

Table 1 lists the rated values of the induction generator. The hydraulic turbine, considered in this work was an
Etanorm 32- 125 KSB (Fig. 2a), with a rated speed equal to 1020 rpm and a rated flow of 4.2 l/s, as Fig. 2b shows
in the turbine characteristic. However, one must notice that according the KSB turbine efficiency graph in Fig. 2c,
the maximum efficiency for 1200 rpm takes about 62%, but for a less rate flow of 3.36 l/s. Fig. 2 shows the head
and efficiency curves when the machine operates in turbine mode connected to the grid. These curves were
supported by the manufacturer tests. In this research, the analysis focuses on the off-grid mode and therefore, the
head curve is similar to Fig. 2b, but the efficiency curve change as consequence of the installed SEIG.
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Table 1 – Nameplate information of the 3 phase squirrel-cage induction machine

Rated frequency

50 Hz

Rated power

550 W

Rated current

1.6/2.8 A

Rated phase voltage

230/400 V (Y/Δ)

Power factor

0.74

Rated speed

910 rpm

c)

0

1

2

3

4

5

6

Fig. 2 – (a) Photo of the motor of the hydraulic turbine Etanorm 32- 125 KSB. (b) Flow versus head pressure turbine
characteristic. (c) Turbine efficiency graph for its nominal speed of 1200 rpm.

In terms of power flow, and following Fig. 1, after the induction machine is magnetized by 𝑄𝑄𝑆𝑆 , that is supplied by
the capacitors bank whose values depend on available power (𝑃𝑃𝐻𝐻 ) provided by the turbine, the generator supplies
the active power (𝑃𝑃𝑆𝑆 ), that will be delivered to the load. However, the reactive power supplied by the capacitors
needs to be sufficient for both machine excitation and electric load.
The main drawback of this SEIG-PAT system is its poor voltage and frequency regulation under variable electric
loads and also variable turbine operating points. For example, a change in the electric load impedance directly
influences the excitation level of the generator because reactive power supplied by capacitors is divided by both
the generator and load. This effect also influences electric frequency of the generator (and consequently, its rotor
speed) and thus stator voltage. The relationship between the capacitance of the capacitor bank, voltage, prime
mover speed and frequency of the induced e.m.f in an isolated self-excited induction generator must be
particularized. In it, both the stator voltage and frequency signals are unknown. They have to be calculated for a
given speed, capacitance, and electric load impedance. To get better voltage regulation, the reactive current in the
induction generator needs to be adjusted suitably during load variation, in other words, the excitation capacitances
must change. However, when changing the magnetization level of the induction generator, one must be careful
about possible magnetic saturation effects and thus its third harmonics impact in the self-excitation process. By
another side, other operating conditions of the turbine can change due to several reasons. This will certainly affect
the power delivered by the turbine, changing the generator electrical conditions presented to the load.
4

In conclusion, the total efficiency of the SEIG-PAT system can be altered drastically during its life-time. Therefore,
some cost-effective automatic tuning is needed, always searching for the highest possible efficiency system, which
is addressed to follow.
2.2

Automatic tuning methodology

Hydraulic turbine and the induction generator are key in PAT devices, imposing together the overall system
efficiency. Tuning some turbine parameters is a very costly and low reliable solution for low power. Of course,
the same points can be passed to the induction generator itself. For example, an option for a rotor wound induction
generator, instead of a squirrel-cage one, could be a possible tuning solution. However, the cost and the reliability
are drawbacks. In this framework, the solution adopted and described in this section was to design a tuning
methodology for capacitor bank values, which were automatically adjusted to maximize the system efficiency for
each operating point of the PAT.
The minimum capacitance values needed to keep the generator excited for the no-load case can be easily
determined by analysing the magnetizing curve of the induction machine, that can be experimentally obtained.
However, for other operating points, capacitor bank needed to be adjusted, mainly to maximize the recovered
energy.
The equivalent circuit of a SEIG with load and excitation capacitor is attached in Fig. 3, showing the active and
reactive power flow. Here, the considered assumption was the machine only works in the linear zone (without
saturation) and the iron losses can be neglibible. The equivalent circuit can be divided into three different parts,
stator, magnetization and rotor. Parameters R s and X s represent the stator resistance and leakage reactance,
respectively, and X m represents the magnetization reactance. Finally, for the rotor side, Xr and R r/s represent the
reactance and resistance of the rotor, respectively. Considering a load type RL, the objective was to obtain an
expression for the minimum capacitance required for the SEIG operation, depending on the rotor angular speed,
on parameters of the machine, on the frequency of the generator and on the R L load.

P
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P
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Fig. 3 – Equivalent circuit of a Self-Excited induction generator with the load and excitation capacitor

(Eltamaly, 2002).

From Eltamaly (2002), one can compute the minimum required value of the capacitor bank for the SEIG, as in (1).
Parameters A 1 to A 4 and B 0 to B 2 can be obtained using (3) and (4), where b is the per unit rotor speed and a is the
ratio between f and f r .

Cmin =

1
2π a50 X C

XC = −

5

A4 a 4 + A3 a 3 + A2 a 2 + A1a
B2 a 2 + B1a + B0

(1)

(2)

A4 =
− X L L3 ; A3 =
X L bL3 ;
A2 =
RL Rr L2 + RL Rs L1 + Rs Rr X L ; A1 =
− RL Rs bL1 ;

(3)

B2 =+
X L L1 L3 ; B1 =
−b( X L L1 + L3 ); B0 =
− Rr ( RL + Rs )

=
L1 X 'r + X m
L=
Xs + Xm
2

(4)

L=
X s ( X 'r + X m ) + X r X m
3
The per unit rotor speed a can be calculated by solving (5), where parameters C 0 to C 4 are given by (6).

C4 a 4 + C3 a 3 + C2 a 2 + C1a1 + C0 =
0

(5)

C4 =
RL L32 + Rr X L 2 X m 2 + Rs X L 2 L12
C3 =
−b  2 RL L32 + Rr X L 2 X m 2 + 2 Rs X L 2 L12 
C2 = RL 2 Rr X m 2 + RL 2 Rs L12 + RL Rr 2 L2 2 + 2 RL Rr Rs X m 2 + RL Rs 2 L2 2 +

(6)

+ RL b 2 L32 + R s X L 2 Rr 2 + Rs X L 2b 2 L12
C1 =
−b  R L 2 Rr X m 2 + 2 RL 2 Rs L12 + 2 Rr RL Rs X m 2 + 2 RL Rs 2 L12 
C0 RL 2 Rr 2 Rs + RL 2 Rs b 2 L12 + RL Rr 2 Rs 2 + RL Rs 2b 2 L12
=
2.2.1 Computational model - dynamic analysis

The analytical model developed above provides the tools to compute and analyse the range of capacitances which
are required for the self-excitation of a specific induction machine. With those, one can now perform a
computational model to analyse the machine performance, using a numerical model. In the model simulation, the
excitation capacitor and the R L load are connected to the machine and the prime mover is started and the transient
and steady-state of the machine were analysed. The developed model enabled to perform two different analysis:
the required range of the capacitor banks and the knowledge of the efficiency curves of the generator.
2.3

Experimental application of the SEIG

To validate the analytical and simulation results of the SEIG in the PAT system, two experimental set-ups were
done: firstly, using a DC motor as the prime mover, the SEIG electrical efficiency was measured and secondly,
incorporating the SEIG in a hydraulic system to measure the overall behaviour and efficiency.
2.3.1 SEIG electrical efficiency and minimum capacitance values
The first experimental set-up was done using a DC motor as the prime mover of the SEIG, to measure the efficiency
of the SEIG under different loads and different excitation capacitances. With this experiment, it was possible to
compute the minimum capacitance as a function of the load. For range of used resistances, between 120 Ω ≤
𝑅𝑅𝐿𝐿 ≤ 600 Ω, the resultant range of capacitances was 5 𝜇𝜇𝜇𝜇 ≤ 𝐶𝐶 ≤ 175 µF. The configuration of the set-up is shown
in Fig. 4.
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Fig. 4 – Scheme of experimental installation used for the tests

The estimation of the electrical efficiency (η el ) is described by equations (7), where 𝑃𝑃𝑠𝑠 is the generator output
active power and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the input mechanical power. The mechanical power can be computed given the input
electrical power of the DC motor, P DC , multiplied by its efficiency η DC .

=
ηel

PS
=
, PS 3VS I S cos=
ϕ , Pmec PDCη DC
Pmec

(7)

2.3.2 Global efficiencies of the system and required capacitance values
In the second experimental set-up, a pilot installation of the overall system (electrical + hydraulic) was assembled
in CERIS-Hydraulic Lab of Instituto Superior Técnico from the Universidade de Lisboa, for a radial PAT machine.
The rotational specific speed of the recovery system is 51 rpm (m, kW). This facility enabled to analyse its
behaviour, when the SEIG was used in a PAT system. Fig. 5 shows the general hydraulic scheme and Fig. 6
illustrates the developed pilot installation. The tests were adapted according to the installed PAT in the hydraulic
lab. The PAT was selected as a function of the available flow by the recirculating pump (Fig. 5) to guarantee a
correct operation of the facility. The air vessel tank is sized for this facility and other independent connections that
can be done in the hydraulic facility. The maximum pressure is 10 bar and the volume of 1 m3 enables to stabilise
the steady flow and avoid the peak pressure in the phases of the unsteady flow. The pipe lengths (upstream and
downstream of the PAT) are 100 meters in order to do experimental tests to study the unsteady flow. This facility
was successfully used in other experimental research (Ramos et al., 2009).

Fig. 5 – Scheme of the hydraulic system assembled (adapted from Ramos et al, 2009).

The elements, shown in Fig. 6, are the hydraulic machine (1); the electrical motor (2); the air vessel tank (3); the
pressure sensor control (4); the multimeter to register current, voltage and power in each phase (5); the electrical
load (6); the capacitance bank (7); the switch to connect and disconnect the capacitors (8); and the multimeter to
measure the current (9). In the experimental tests, the discharge was measured by an electromagnetic flowmeter;
the pressure was registered by pressure transducers through the picoscope data acquisition system; and the
rotational speed was measured by a frequency meter.
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Fig. 6 – Photos of the experimental developed facility. (a) PAT general view, (b) Resistive load and (c) Switch and
capacitors.

The experimental procedures were divided into two different types. Firstly, the analysis of the required
capacitances to keep the generator excited by changing the load and the rotational speed. Secondly, when the
results of the first set were known, specific operation points were chosen (i.e., load, capacitance and rotational
speed), establishing a rotational speed and testing the SEIG-PAT system for different hydraulic conditions, in order
to estimate the system global efficiency curves.
The range of used capacitances was the same as for the previous experimental work, between 5 𝜇𝜇𝜇𝜇 ≤ 𝐶𝐶 ≤ 175 µF,
for resistive loads between 120 Ω ≤ 𝑅𝑅𝐿𝐿 ≤ 600 Ω. The global efficiency of the system (η global ) was estimated using
the measured values, in which, P S represents the active power of the generator, and P hy d represents the available
hydraulic power in W, (8). Using (7) and (8) it is possible to compute the PAT efficiency (η PAT ).

η global
=

PS
=
ηelη PAT , =
ρ gQi H i
PS 3VS I S cos ϕ , P=
hyd
Phyd

(8)

where 𝜌𝜌 is the density of the fluid in kg/m3, g is the gravity constant in m2/s, 𝑄𝑄𝑖𝑖 is the circulating flow in m3/s, and
𝐻𝐻 is the recovered head in m w.c.
3
Results and Discussion
3.1
Analytical and Simulation Model Results
A comparison between the analytical and simulation models was done. Using the analytical model in (1) and the
simulation model of the machine, the capacitance range was estimated as a function of the rotational speed and of
the load.
The range of resistive loads was between 0 Ω and 600 Ω. Remember that, the lower the electrical resistance is, the
higher is the demanded load. Fig. 7 shows the results of the capacitance variation for both anaytical and simulation
models. Analysing this figure, for a specific load, the applied capacitance value influenced highly the rotor speed.
The capacitance required to keep the generator excited increases as the rotor speed decreases. The same occurres
for the load variation, where higher loads (lower resistances) require higher capacitance values, for the same speed.
According to the results, the range of required capacitances to assure the rotor speed interval was between 5 and
225 µF for the analytical model, while the values for the first simulation were between 7.5 and 180 µF. The
required capacitance highly influenced the generator speed, and it depended on the load applied. For lower loads,
the required capacitance presented small variations, however, as the load increases, the required capacitance
8

increased more and more. Another important aspect was the decrease of the rotor speed when the load is higher,
as shown in 𝑅𝑅𝐿𝐿 = 120 Ω.

The trend of both simulation and model results is similar, but the variances overestimate and underestimate at
lower and higher rotor speeds, respectively. These deviations can be explained by the negligence of the Rm
parameter in model (1), that comprises the effect of the electrical machine iron losses. Typically, for higher rotor
speeds, iron losses increase, which will have the same effect as increasing the load of the machine and, therefore,
requiring higher values of capacitances (simulation results are higher than the model (1) ones). For lower rotor
speeds, iron losses decrease and thus the opposite effect is visible.
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Fig. 7 – Capacitance required as function of rotational speed of generator, for specific resistive loads. In continuous lines, the
values obtained using the simulation diagram and in dashed lines the ones obtained using the method (1).

In the first simulation stage, the two developed models presented some differences of results, but the general
behaviour of the SEIG was similar, and so, the performed simulation showed the SEIG presented considerable
limitations as consequence as the bank capacitance and the load values had a high influence.
3.2

Experimental application of the SEIG

3.2.1 Analysis of required capacitances and generator performances (1st Experiment)
Fig. 8 shows the determined values for the experimental and the simulation capacitances when different rotor
speed were considered. The experimental results, for the capacitances behaviour, were similar to simulation results,
showing the increase on the capacitance values when the rotor speed decreases.
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Fig. 8 – Experimental and simulation results as a function of rotational speed of generator, for constant values of load.

The experimental efficiency curves of the generator were determined, using (8). Fig. 9 shows similar results of
electrical efficiencies for different loads (120 Ω ≤ 𝑅𝑅𝐿𝐿 ≤ 600 Ω). The maximum electrical efficiency was got
using a load of 265 Ω. The maximum electrical efficiency decreased for higher (120 Ω) and lower (600 Ω) loads.
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Analysing the electrical efficiency curves of the generator for each load, there was a point of maximum efficiency.
The point of maximum efficiency for all loads was with the minimum capacitance needed (highest rotor speeds)
to keep the generator excited in this case. This emphasised the importance of calculating the minimum capacitance
required for the SEIG operation.
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Fig. 9 – Graphic of the SEIG efficiency variation as a function of rotational speed, for constant load values.

Fig. 10 presents the minimum required capacitance for the SEIG as a function of the load. When the load was
lower 230 Ω, the capacitance value started to increase exponentially, and when the load was higher than 230 Ω,
the capacitance value decreased. This behaviour caused a limitation of electrical efficiency for those cases, because
its maximum points were achieved for speeds between 1200 and 1500 rpm, Fig. 9, where 𝜂𝜂𝑒𝑒𝑒𝑒 ≥ 60 %, and so, if
the maximum speed decreases, at some point, it will not be able to reach the best efficiency zone.
Therefore, the SEIG application presented some limitations that need to be carefully analysed, because depending
on the load and rotor speed intended, this induction machine may or may not be a good fit for that specific
application.
70
exp.
fitting

60

50

F]

C=281.6e-0.013R

C[

40

30

C=-0.0086xR+17.92

20

10
100

200

300

400

[

R

500

600

]

L

Fig. 10 – Graphic of minimum capacitance as a function of load

3.3

SEIG Experimental Application to a Hydraulic System (2nd Experiment)

Fig. 11 shows the results for the capacitance range with rotor speed are shown for each applied load, considering
the SEIG applied in the experimental set-up of the closed loop hydraulic system. In this case, different from the
previous ones, where the SEIG was powered by a DC machine, the lowest possible resistive load to keep the
machine self-excited was 𝑅𝑅𝐿𝐿 = 113 Ω. As the load increased, the range of the operation rotor speeds decreased.
As example, for loads of 120 Ω and 113 Ω, the maximum speeds were around 850 rpm.
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Fig. 11 – Capacitance required as function of the rotor speed, in a steady flow condition.

The global efficiency values depended highly on the flow and head values that determined the turbine efficiency.
Therefore, the experiment was executed for different values of loads and capacitances to establish different values
of rotor speeds. Table 2 lists the different pairs of resistive loads and capacitances which were chosen for these
experimental tests as well as the respective maximum electrical efficiencies. The electrical efficiency was got
using the results of Fig. 9, in which the SEIG was tested with the DC motor.
Table 2 – Load and capacitance combinations used to stablish the speed values for the tests below.

N (rpm)

R L (Ω)

C (µF)

η el (%)

1525

230

15.5

61.0

1370

230

18.5

61.8

1200

265

19.5

59.8

1130

230

24.8

58.2

1050

230

31.4

55.7

930

230

34.9

50.8

810

230

49.9

44.6

Fig. 12 shows the global efficiency as a function of the flow for the values of Table 2.
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Fig. 12 – Global efficiency as function of flow, for different rotational speeds.

Table 3 shows the maximum global, the electrical and the PAT efficiencies points for each speed. The best global
efficiency points of each curve were registered for flow values between 4,0 l/s and 5,0 l/s. The highest efficiencies
were achieved for the curve 𝑁𝑁 = 1200 rpm, and the efficiency values were around 27 %. In addition, for flows
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lower than 3.5 l/s, the system efficiency was never higher than 20 %. For flows below 2.5 l/s, the system stopped
to generate energy. Therefore, when applying this system to a water distribution network, in which there are high
variations of flow and pressure, this effect must be taken into account. The difference between electrical efficiency
of the rotor and the global efficiency when the PAT was operated is related with the hydraulic losses of the recovery
systems as well as the reactive power consumed by the capacitors. When Fig. 12 is observed, there is a difference
between efficiency connected on the grid (62%) and off-grid (27%). This difference is due to reactive power
introduced by the SEIG. This low efficiency value can cause the unfeasibility of these recovery projects. However,
this efficiency can be improved whether the generator is changed and it is different to defined by the manufacturer.
The definition of electrical parameters of the generator (X m and R r/s ) are future research lines in which the studies
should deep in order to increase the efficiency and therefore, the feasibility of these installations. A correct
definition of magnetization reactance and resistance of the generator are key in the increase of the efficiency since
the internal losses change according to these values as well as the capacitance value to excite the rotor.
Table 3 – Maximum global, electrical and PAT efficiencies points for each speed.

N (rpm)

Q i (l/s)

η global (%)

η el (%)

η PAT (%)

810

4.9

20.3

61.0

45.6

930

4.5

23.1

61.8

45.5

1050

4.7

24.5

59.8

44.0

1130

4.7

25.3

58.2

43.4

1200

4.7

26.7

55.7

44.5

1370

4.6

25.1

50.8

40.6

1525

4.6

23.8

44.6

39.1

Fig. 13 are shown the PAT efficiencies computed using (8) and the results of the electrical and global efficiencies.
The PAT efficiency showed its maximum values for flows between 4,0 l/s and 5,0 l/s. However, its maximum
points were for rotor speeds of 810 and 930 rpm. Therefore, the maximum efficiency areas of the PAT and
generator are not the same, and so, the system was not optimized.
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Fig. 13 –PAT efficiency curves as a function of flow for different rotational speeds.

Finally, from the same data of the results of Fig. 12, the hydraulic curves (Q-H) are shown for each speed and for
the runaway working condition. An important observation of the obtained results of Fig. 14 was the existence of
an inferior limit of flow in which for lower values, the generator stop being excited and generating energy. This
value depends on the rotor speed, which is a reflexion of the capacitance value applied to the generator. As shown
in this figure, when the rotor speeds was high, the range of flow was lower in the operating region.
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Fig. 14 – Hydraulic curves (Q-H) of the PAT in steady flow conditions.
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CONCLUSIONS

This paper studied the use of a low power PAT-SEIG off-grid system in a real experimental facility to be applied
in remote areas where the access to the electrical grid is difficult or non-existent. The use of recovery systems
provides the advantage of the pressure reduction and consequently water loss control in water distribution
networks, as well as the simultaneous energy recovery. The possible applications of these configurations are high,
as water distribution systems in urban and hydraulic systems are avid of feasible solutions for improving waterenergy performance indicators.
Results showed that this solution can be a feasible alternative, if the capacitor bank for SEIG self-excitation is
tuned to maximize the PAT-SEIG electric energy efficiency. Consequently, an automatic tuning system was
proposed and experimentally tested in laboratory. This operation scheme predicted reliable capacitance values
depending on PAT-SEIG, that changed according to hydraulic constrains fluctuations as well as its load impedance.
These variations will always occur when different pressure drop values are demanded. The development of this
ensemble PAT-SEIG enables the energy recovery in water distribution networks, in which the hydraulic machines
operate off-grid (e.g., remote areas, rural areas, farmers, irrigation zones).
Comparison between experimental data and analytic modeling approach pointed out the PAT-SEIG energy
efficiency has a high nonlinear dependence on flow rate, on capacitor bank values and, of course, on the electric
load impedance, with differences generally lower than 20-25%. The proposed methodology can be an effective
technique for the selection and application of low power PAT-SEIG systems for pressure control in water
distribution networks due to its universality and practicality type.
The proposed automatic tuning has been tested assuming that parameters of the equivalent electric circuit of the
induction machine are constant for all operating points. If some of them show major changes, a new set of
“optimal” set of capacitances should be selected. Further experiments are required, in order to test different models
of single, vertical multistage pumps, parallel and series PATs for assessing whether different relationships are
required or if differences fall within the uncertainties of experimental expected tests.
New configurations and experiments are in progress, in order to verify, not only, which generator parameters have
significant variations during these new PAT-SEIG operations, but also for studying and analyzing a new approach
for the induction generator system to compensate any fluctuation in its output caused by possible flow instabilities.
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