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Abstract: In recent years, many pumping systems have begun to be powered by renewable energy
generators, including mostly photovoltaic generators and, less frequently, electrical wind generators.
Because of the technology’s complexity and novelty (it has not yet reached its maturation), most
of those systems consist of single pumps powered by photovoltaic generators or electrical wind
generators. For this reason, the current paper proposes a strategy for driving a multi-pump system
with water storage powered by a fluctuating and intermittent power source, such as power grids,
which are limited by price variation over different periods during the day, or photovoltaic generators
and/or electrical wind generators. The current work begins by proposing a model of a multi-pump
system with water storage, followed by the design of a control strategy for operating such a system
powered by a fluctuating and intermittent power source in an energy-efficient manner, without
sacrificing the reliability, robustness and lifetime of the plant. Finally, an analysis of two concrete
situations encountered in practice is made: in one, the considered multi-pump system is powered
only by a power grid limited by price variation over three periods; in the other, it is powered by a
photovoltaic generator.

Keywords: mathematical modelling; energy systems; control strategy; multi-pump system; pumping
system with water storage; fluctuating and intermittent power source

MSC: 93-10

1. Introduction

Pumping systems are used for pressurizing and transporting the water from a source
to the consumer. Those systems are extensively used in a wide range of industries, such
as urban water supply networks, agricultural irrigation and power plants [1]. Nowadays,
pumping systems consume around 30% of the electrical energy produced globally [2]. In
the European Union, the pumping systems represent approximately 20% of the industrial
and agricultural electrical energy consumption, and in China, they account for 40% of the
generated electrical energy [3—6]. Due to the enormous size of this market, reducing the
energy consumption and increasing the energy saving in this sector is essential.

In recent decades, in order to reduce the operating costs related to the energy consump-
tion and increase the energy savings in this sector, most of the pumping systems have been
technologically upgraded by using more efficient pump control systems (implementing
algorithms that ensure energy optimization, better pump scheduling and real-time con-
trol, etc.) [7,8]. Additionally, some pumping systems have been technologically upgraded
with renewable energy generators, including mostly photovoltaic generators [9] and, less
frequently, electrical wind generators [10], to further reduce the operating costs related to
energy consumption.
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Due to the technology’s complexity and novelty (it has not yet reached its maturation),
most of those systems that have been upgraded with photovoltaic generators or electrical
wind generators consist of single pumps. This is because, in multi-pump systems, the
pumps might operate far away from the most efficient region, leading to low reliability and
a high failure rate due to cavitation, flow recirculation, the wear of the bearings, influences
on the physical parameters of the processed fluid, etc. [11-15].

Although many researchers have investigated how to increase the efficiency and
reduce the energy consumption without sacrificing the reliability and the life expectancy of
a multi-pump system [11,12,16-19], all those studies take into consideration a stable and
almost infinite power source, such as a power grid, without any limitations on the operating
periods. None of the research takes into consideration a fluctuating and intermittent power
source, such as power grids limited by price variation in different periods during the day,
photovoltaic generators or wind electrical generators [20].

Given the above remarks, the major objectives of the current paper, which offers
a contribution, consist of the development and validation of an adequate model and
control strategy for a multi-pump system with water storage powered by a fluctuating and
intermittent power source in an efficient energy manner, without sacrificing the operation
and lifetime of the system. Many advanced control strategies can be implemented to solve
the issues addressed by the current work, such as robust control [21,22], model predictive
control [21] or fuzzy logic control [22], etc., but they constitute future work, as in the current
paper, the developed control strategy consists of a general system controller that manages
the individual pumps. The controlling strategy of the submersible pumps is formed of two
PI (proportional and integral) current regulators operating in parallel, while for the surface
pump, another two PI controllers were added in cascade to the PI current regulators.

2. Modelling of the Multi-Pump System

The considered multi-pump system is located in Morocco, North Africa [23], and
it is used for irrigating a fruit tree orchard, with a layout typical of irrigation systems
in regions with water resources deficit (such as Africa, South America, Australia, etc.).
Figure 1 presents the layout of a general irrigation system in such regions, with several
(n) submersible pumps used for collecting the water from several (1) aquifers in a water
storage, from which it is further distributed to an irrigation network by a surface pump.
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Figure 1. Multi-pump system layout.
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The considered system consists of four identical submersible pumps [24] (n = 4 in
Figure 1) pumping water from four different wells to the water storage unit (pool), with a
capacity of 25,000 m3. The dynamic water level in each well (100 m, 98 m, 100 m and 105 m),
together with the extracted flow by each submersible pump (38.52 m3/h, 38.88 m3/h,
31.68 m®/h and 41 m3/h), was measured at the site location with the help of a probe and an
ultrasonic flow meter (for full details, please see Table Al in Appendix A). The water from
the pool is distributed to an irrigation network by a surface pump [25] with an average
flow of 158.5 m3/h. Currently, the entire system is powered by an electrical grid with three
price periods (standard, peak and off-peak) but, in the future, it needs to be hybridized
with a photovoltaic generator so as to further reduce the system operating expenses.

2.1. Irrigation Network

The surface pump distributes the water from the pool to the irrigation network at a
pressure of 3.7 bars and an average flow of 158.5 m®/h. In Appendix A, Table A1, one can
see the operating points and technical specifications of the surface pump [25].

The hydraulic network characteristic curve at the nominal operation Hy is obtained
using Equation (1) from [26]:

Ho = Hg +k+(Qo)’ M

where Hy is the static head (HG_CONSUMER_S in Figure 1), Qp is the nominal pumping
flow rate and k is the head loss coefficient [27].

The nominal hydraulic power Py;;0 required for operating the irrigation system is
calculated using Equation (2) from [28]:

Phigo = p-g-Ho"Qo )

where p is the water density and g is the gravitational acceleration.

Appendix A, Table A1, presents the technical specifications of the submersible [24]
and surface [25] pumps.

A list of all the variable denotations used in the paper is presented in Abbreviations part.

2.2. Water Storage (Pool)

The water storage is modelled as a pool with a capacity of V,, = 25,000 m?, which
balances the water volume extracted from the pool by the surface pump, with the water
volume discharged to the pool by the submersible pumps, as in Equation (3):

v, ool.in = Vpool.out (3)
p p

2.3. Pumps

The four identical submersible pumps [24] collect the water from four different wells
and deliver it to the water storage unit. Appendix A, Table Al, presents the technical
specifications in addition to the operating points of the submersible pumps [24].

1. The first pump is installed at a depth of 120 m below ground level (PUMP_1_DEPTH
~ 120 m in Figure 1) and the water dynamic level is 100 m (HG_WATER_SOURCE _1
~ 100 m in Figure 1). The maximum extractable flow from the well is 41 m?3/h, but
the pump operates at the nominal flow of 38.52 m3/h at 50 Hz. The second pump
is installed at a depth of 120 m below ground level (PUMP_2_DEPTH ~ 120 m in
Figure 1), and the water dynamic level is 98 m (HG_WATER_SOURCE_2 ~ 98 m in
Figure 1). The maximum extractable flow from the well is 41 m3/h, but the pump
operates at the nominal flow of 38.88 m>/h at 50 Hz.

2. The third pump is installed at a depth of 120 m below ground level (PUMP_3_DEPTH
~ 120 m in Figure 1), and the water dynamic level is 100 m (HG_WATER_SOURCE_3
~ 100 m in Figure 1). The maximum extractable flow from the well is 41 m3/h, but
the pump operates at the nominal flow of 31.68 m?/h at 50 Hz. The fourth pump
is installed at a depth of 120 m below ground level (PUMP_4_DEPTH ~ 120 m in
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Figure 1), and the water dynamic level is 105 m (HG_WATER_SOURCE_4 ~ 105 m
in Figure 1). The maximum extractable flow from the well is 41 m?3 /h, but the pump
operates at the nominal flow of 40 m3/h at 50 Hz.

The centrifugal (four submersible and one surface) pumps are modeled based on
A, B and C coefficients (for the values, see Table Al in Appendix A). The coefficients are
identified through quadratic regression using the Matlab curve fitting tool, with the pump
head-flow (HyQp) curve at 50 Hz provided by the manufacturer [24,25]. Similarly, in
Equation (5), the D and E coefficients (for the values, see Table Al in Appendix A) are also
identified using the efficiency—flow (170—Qp) curve at 50 Hz [24,25]. Starting with Equation
(4) [29], the subscript “0” stands for the nominal values (1, the nominal pump efficiency):

Ho = A+ B-Qo+ C-(Qo)? )

1o = D-Qo + E-(Qo)* ®)

In Equation (6), « denotes the ratio between the pump operating speed (w) and
nominal speed (w):
& = w/wy (6)

The response of the centrifugal pump to various speeds is modelled using the pump
affinity laws [30]: the pump flow variation (Equation (7)), head variation (Equation (8)) and
power variation (Equation (9)):

Q w G\°
_e (&) ”

Q  wo \Go
H w\? [ G\?
= (o) (&) ®
LPyump (P).<w>3.(c)5
Pypumpo Lo wo Go ©)

where P,y stands for the pump’s required mechanical (rotational) power and, in the
current work, the change in the water density (o) and pump geometry (G) during the speed
variation are considered constant (o = pg, G = Gy).

By combining the pump head—flow (Hp-Qp) curve at the nominal speed (w) from
Equation (4) with the pump affinity laws from Equations (6)—~(9), the pump characteristic head—
flow curve (H-Q) is expressed in Equation (10) as a function of the pump speed variation:

H=0a*>A+aBQ+C-Q? (10)

Combining the pump characteristic defined by Equation (10) with the hydraulic
network characteristic curve from Equation (1), Equation (11) is obtained:

He+kQ*=0a*A+aB-Q+C-Q? (11)

From Equation (11), only the positive solution represents the actual pump discharge
according to the pump speed variation (Q(w)) because of the negative value of the C
coefficient (see Table Al in Appendix A). In Equation (12), only Bhaskara’s solution with
“-” is considered:

—aB-— \/oc2~B2 — 4-[a2-A — Hg]-(C — k)

Qlw) = PR( (12)

Figure 2 shows the pump characteristic head-flow (H-Q) curves (pumping head
in meters on the x-axis and flow in m?/h on the y-axis) at different speeds (equivalent
to frequency variations from 5 to 50 Hz) for the four identical submersible pumps used
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for collecting the water from the wells in Figure 2a and for the surface pump used for
distributing the water to the irrigation network in Figure 2b.

Pump Head-Flow curve (Caprari E6P35/14M) Pump Head-Flow curve (Dutchi Motors DM1 225M4)
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Figure 2. Pump head—flow H-Q curve at different speeds: (a) submersible pumps; (b) surface pump.

In Appendix A, Table A1, Figure 2a shows that the submersible pumps operating over
38 Hz avoid vacuum operation (when the pump propeller rotates without pumping any
water, heating the motor until it short-circuits). Figure 2b shows that the surface pump
must operate over 40 Hz to ensure correct irrigation (by providing the necessary pressure
for the entire irrigation network).

In the current paper, the pump efficiency at a partial load is calculated using [31],
by combining the pump efficiency—flow (179-Qp) curve at the nominal speed (wy) from
Equation (5) with the pump affinity laws (Equations (6)—(9)). The resulting equation
is represented in (13), where the pump efficiency variation is expressed based on the

speed variation:
Qo \
’721—(1—’70)'(Q> (13)

Figure 3 shows the pump efficiency (7—-Q) curves (efficiency as a percentage on the
x-axis and flow in m®/h on the y-axis) at different speeds (equivalent to frequency variations
from 5 to 50 Hz) for the four identical submersible pumps in Figure 3a and surface pump
in Figure 3b.

From Figure 3a it can be seen that the efficiency of all the submersible pumps is around
75%, considering an operating flow between 32 and 40 m3/h and an operating frequency
of 50 Hz. Figure 3b confirms the well-known fact that the efficiency of a surface pump is
higher than the efficiency of a submersible pump. Figure 3b also shows that the surface
pump has an efficiency of around 80% at an operating flow of 158.5 m>/h and a frequency
over 40 Hz.

By combining the hydraulic network characteristic curves of each pump, Equation (1),
with the head—flow (H-Q) curves, and Equations (10)-(12), with the pumps efficiency
variation based on the pumps speed variations (y-Q) from Equation (13), can be combined
to obtain the iso-efficiency curves (Figure 4, pumping head in meters on the x-axis, flow in
m?/h on the y-axis). The pump efficiencies are represented as percentages by the dotted
lines, while the pump frequencies are represented in Hz by the dashed lines. In order to
operate the pumps close to their optimal operation, the pumping system control strategy
must be developed based on the operating points of the four identical submersible pumps
(Figure 4a) and the hydraulic network characteristic curve (Figure 4b).



Mathematics 2022, 10, 4019 6 of 24
100 IPump‘ Emni“amy'F‘low curve ((?aprari‘ EBPS,S"“M', 100 Pump Efficiency-Flow curve (Dutchi Motors DM1 225M4)
—50[Ha] [ —
90 =45 [Hz] | | 90 — 45 {Hz} 1
40 [Hz) 40 ]
80 =35 [Hz] | 7 80 s 35 [Hz] | ]
30 [HZ] M e 30 H2]
70 25 [Hz] | 7 70 Hi 25 [Hz] |
—_ 20 [Hz] s 20 [Hz]
= 60 s 15 [Hz] | ® 60 — 15 [H] |
> 10 [Hz] g s 1) [Hz]
& 50 S+ < 50 5 [Ha]| |
o N 3
o 40 1 § 2 :
30 - 30 E
20 . 20 ]
10 , 10 i
0 \ W \ 0 |
0 5 0 15 20 25 30 35 40 45 50 0 50 100 150 . 200 250 300
Flow [m>/h] Flow [m*”/h]
(a (b)

Pump isoefficiency (Caprari E6P35/14M)

Wil Efficiency ]

¢~ZF S Frequency [Hz]
4+  Pump1 operating point [m]
= Pump2 operating point [m]
=+ Pump3 operating point [m]
+ Pump4 operating point [m]

Figure 3. The n-Q curve at different speeds: (a) submersible pump; (b) surface pump.
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Figure 4. Iso-efficiency curve, together with each pump characteristic curve: (a) submersible pumps;
(b) surface pumps.

In Figure 4a, one can see the operating performance (total head, discharge and ef-
ficiency) of each submersible pump. The total heads of the pumps, including the well
dynamic head of the lowest water level and all the pressure losses, are 127 m, 126, 141
and 121.5 m (following the order given in Figure 4a and Table Al in Appendix A). The
submersible pumps efficiencies are around 75%, and for a pump frequency variation over
40 Hz, the surface pump gives a flow ranging from 135 m3/h (40 Hz and 28 m) to 174 m3/h
(50 Hz and 43 m), with an efficiency of around 80%.

The operating hydraulic power (P};;) is obtained by substituting in the nominal
hydraulic power from Equation (2), including the nominal head (Hy) and flow (Qp), with
the operating head (H) and flow (Q) of each pump (four submersible and one surface).
The pumps’ required mechanical (rotational) power (Ppump) is obtained using Equation (14)
through the division of the operating hydraulic powers (P;;) with the pump efficiencies
() at their operating point [26]:

Phia _ p-8H-Q

Ppump = T w7 (14)
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The pump torque (Tpump) is calculated based on the division of the pumps’ required
power (Ppymp) with the pump speed (w), using Equation (15):

Ty — L2 _ p-g-HyQ+pgk(Qw))’ -
“ @ (1= (@ 4 DQw) ()M + E(Q(w))* (@)
The pump inertia (Iyump) is calculated by Equation (16), using [32]:
pg He Qtp gk (Qw))’ 0955
1—(a)01+D-Q(w) (a)M14+E-(Q 2 (4)21
Ly = 0.03765 (1-@) (@) () +E-(Q(w))*+(w)21) 6)

1000-w

2.4. Induction Motors

All the pumps are driven by induction motors. In Appendix A, Table A2, one can
see the technical parameters of the induction motors that drive the submersible [24] and

surface [25] pumps.
—s —8
The stator current vector i; and rotor flux linkage ¥, of the induction motor are

obtained using the electromagnetic Equations (17)—(22) [33]:

. .4)5 . —S 5
?)S 7Ly'(Lr‘RS + Ls‘Rr - Ls'Rr'U)‘ls + Lm'(Rr - Lr']'({))‘qfr + er'vs

= 17
Is U'LS'LrZ ( )

. —8 —S

=5 L .Roi. — (R, — L.-i-w)-¥,
g, = bRt Z (R Leje) ¥ (18)

T
L (Lw)?

With o =1— - (19)

s
where Y_f: is the rotor flux, w is the rotor speed, 1758 is the stator voltage vectors, Rs and R,
represent the stator and rotor resistance, and L;,;, Ls and L, are the mutual, stator and rotor
inductances, respectively.
The electromagnetic torque of the induction motor T,y is calculated using Equation
(20), while the input power of the induction motor Py is calculated using Equation (21) [34]:

3 L — 8% '—>s
Tem = Z‘Pmotor‘Lm'Im{lPV ‘s } (20)
r
sk
P = 5refatil” ) e

where pjoror represents the induction motor’s number of pole pairs.

2.5. Induction Motor Drives

The induction motors of the four identical submersible pumps are driven by soft
starters [35], while the induction motor of the surface pump is driven by a variable fre-
quency drive (VFD) [36] that also executes the pressure control.

In Equation (22), the efficiency of the motor drive is calculated based on the nominal
(Pdrivenominal) and maximum output powers and three experimental parameters, represent-
ing: kp—the no-load losses, kj—the losses linearly depending on the current (voltage drop
across the diodes) and k,—the losses depending on the square of the current (resistive
losses) [37]:

p
Ndrive = (22)
p- (ko +ki-Prv + kZ'(PIM>2)



Mathematics 2022, 10, 4019

8 of 24

where p = Pyt / Parivenominal, With the Pypivenoming being the nominal power of the induction
motor drive.
The AC electrical power required (input) by the drive is:

Prive = Prm/ Narive /ﬂfilter / Yeavles (23)

where Piveinpus is the electrical power required by the induction motor drive, 774y, is the
drive efficiency, 7, is the DV/DT filter efficiency and 75 is the efficiency after the
loss due to the voltage drop in the cables (typically between 1 and 3%). In Appendix A,
Table A3 presents the technical parameters of the VFD [36].

3. The Proposed Control Strategy

Figure 5 presents the structure of the multi-pump control system formed of two levels.
The first level consists of one surface pump controller (Sr.PC) that controls the irrigation
pressure by driving the induction motor at various frequencies and the submersible pump
controllers (Sm.PC). It can be also seen that the induction motor of the surface pump is
driven by a VFD (variable frequency drive), while the induction motors of the submersible
pumps are driven by soft starters. Both motor drives contain, in addition to the controllers,
the execution elements (rectifier + inverter, respectively converter). Furthermore, the VFD
controller is named Sr.PC, while the soft starters controllers are named Sm.PC (from 1 to n).
The second level is a general system controller (GSC), which manages the operation of each
pump (all pumps) based on the water level in the pool (water storage) and the generator’s
available power.

T T - .
: : -------------------------. ]
iGeneral System? : : Surface Pump 5] e |
" Controller 3 : Surface Pump: ipeline !
H . H I
verrrerngrreesesresans H ¢ Controller !
I L !
. I Circuit Breaker ) I
Flijr::tt:rar:\lig'?eztnd I Surface Pump VED Direct\‘ona 1l g1
Power Source ! T e valve Water !
: T Rectifier Inverter consumer :

\
~ YO A o+ datay 2 ! i
~J - ! T J B Pressure !
JI ~ ——H T — expressed :
N S EMC Filter Motor filter in Head "
1 Surface Pump surface pump I

......

1
y —H | R ———
AN — = M :
M . . " otor |
Sumbersible EVC Piter § Converter| fifer !
: Pump 1 - Water sourcel :
: H ) I
: Controller : g  Soft Starter 1 o ;
..................... 1
_______________ e
b d Circuit Breaker N
[ m valve N
: ]
— 1—
! N ——
= EMC Filter N Motor

Converter| fijter N
Water source N

Figure 5. Structure of the multi-pump control system.

3.1. General System Controller (GSC)
Figure 6 presents the flow chart of the general system controller.
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Figure 6. General system controller flow chart.

If the water level in the pool (water storage) is not at a minimum level, and the user
has programmed the irrigation and has enabled the surface pump to be operable, the GSC
verifies whether the available power in the generator is higher than the power necessary
for starting the surface pump and gives the order to start the surface pump operation while
updating the available power. If any of those conditions are not met, no actions are taken,
and the system receives the order to stop the surface pump in a case where it is already
running. The next step consists of verifying whether there is still room to pump some water
in the pool and, based on the submersible pumps’ availability and priorities (introduced by
the user), the pumps start their operation according to the power available in the generator.
The generator’s available power refers to the power generated by a photovoltaic generator
or electrical wind turbine or the contracted power from the electrical grid according to the
electricity consumption schedule or contract of the user, less the power already in use by
the operating pumps.
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3.2. Submersible Pump Controllers (Sm.PC)

The submersible pump induction motors are controlled by soft starters that control
the acceleration at the nominal speed (equivalent frequencies ranging from 0 to 50 Hz)
and deceleration from the nominal speed (equivalent frequencies ranging from 50 Hz to
0 Hz) of the induction motors. As can be seen in Figure 7, they are controlled using a
classical solution for current regulation in vector-controlled AC drives, called the current
regulator, considering a PI-type regulator. This current regulator is tuned using the pole-
zero cancellation method based on the second-order equivalent system of the induction
motor currents [38].

: Yar +

T war
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dfm 4
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pmotor
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VFD

2
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Figure 7. Induction motor control loops for one single pump.

Legend [33]:

e Uy and vy are the stator three-phase AC voltage commands transformed in the syn-
chronous (dq) reference frame;

e Uy and vps are the stator three-phase AC voltage commands transformed in the
stationary (o«f3) reference frame;
Uus, Ups, Ugs are the stator three-phase AC voltage commands;
igs, Ips, Ics are the stator three-phase AC currents;
iy and ig are the stator three-phase AC currents expressed in the stationary ()
reference frame;
PWM = pulse width modulation;
Sa, Sp, S¢ are the switching commands (orders);
T4q.0p = transformation from the synchronous (dq) reference frame into the stationary
(«p) reference frame;

®  Tapcap = transformation from the three-phase (abc) complex space vector to the sta-
tionary (xf3) reference frame;

e Typ.4q = transformation from the stationary («f3) reference frame into synchronous (dq)
reference frame;

e Tupape = transformation from the stationary («f3) reference frame to the three-phase

(abc) complex space vector.

In this case:

T _ [cosf; —sinf; T _ [cosf; —sinfs -1
apdq = |ginf,  coss 9.0 = |ginf,  cosfs
2/3 —-1/3 -1/3 1 0 1 (24)
Tubc.aﬁ = 0 \/3/3 _\/5/3 szﬁ.ubc =|-1/2 \/3/2 1
1/3 1/3 1/3 -1/2 —3/2 1
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For the second-order transfer functions of the closed-loop systems, in which i, is the
reference and iy is the output of the d-axis (real component) current loop, respectively, and
i7. is the reference and iy is the output of the g-axis (imaginary component) current loop,
we consider the following forms [38]:

fas(s) _ Syt +Kin (25)
ih(s)  s2(0-Lg) +s-(Rs +kp1) +kn
izs(s)  s2:(0-Ls) +5(Rs +kp) +kan
where )
1 (Lm)
c=1 Ll (27)

is the leakage coefficient [36]. R (0.095 [Q2]) and R, (0.063 [Q2]) represent the stator and rotor
resistance of the induction motor, and L, (0.032 [H]), Ls; (0.034 [H]) and L, (0.034 [H]) are
the magnetizing, stator and rotor inductances of the induction motor. kpl and k;; represent
the proportional and integral gains of the d- and g-axis currents systems. In general, in both
loops, the current regulators are equally tuned.

The tuning of the Sm.PC is performed considering that the closed loop denominator of
Equations (25) and (26) are matched with a standard second-order system denominator [38]:

s2-(o-Lg) +s- (Rs + kpl) + ki =8>+ 2-8 w5+ ((unl)2 (28)

Developing Equation (28), we obtain:

Rs +kp1 ki
2 P il 2 2
. = 2-F1 w1 2
s*+s ( o Ls )+0"L5 s°+2:C1-wy1-s + (wy1) (29)
where wy; and ¢ are the first natural frequency and damping factor of the system.

From Equation (29), we find that the required proportional and integral gains are:

kpl = 0"L5-2'€1'wn1 —Rs (30)

and, respectively,
kin = 0-Ls(wn)? (31)

For a critically damped response, the second-order denominator Equations (28) and (29)
must give a solution with double real poles, a solution obtainable only with a damping factor
equaltol1,§; =1:

For {1 = 1 results (s + w,ﬂ)2 (32)

In [38], it is recommended that the dynamics of the closed-loop system be selected to be
faster than the one of the open-loop system. In the current work, the poles of the closed-loop
system (w,1) are chosen to be 10 times greater than the open-loop poles (¢-Ls/Rs):

10

o-Lg
Rs

Wp1 = (33)

leading to good results.

3.3. Surface Pump Controller (Sr.PC)

The surface pump induction motor is controlled by the VFD (variable frequency
drive), which, in addition to controlling the acceleration and deceleration of the induction
motor, also controls the operating speed, which can differ from the nominal one. For
this reason, the Sr.PC uses the same closed-loop systems as the Sm.PC, with the same
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transfer Equations (25) and (26), to which a speed controller is added in cascade (Figure 7).
The speed controller (from the main loop) provides the electromechanical torque, which
becomes the g-axis current (i) as a reference for an inner loop, including the current
regulation (g-axis), using Equation (34) from [39]:

Tem = KT'lPdr'iqs (34)

which allows us to obtain the g-axis current reference, 7.
The synthesis of the speed controller is obtained, starting with Equation (35) [39],
where the viscous friction is neglected:

. 2-1t-1 .
Tem = Tpump = Tpump: (@)= — =2 (fm) (35)
Pmotor
where pjor0r represents the pole pairs of the induction motor and fin represents the motor
electrical frequency:

(fm = pmotor'w/z'n) (36)

where Tpymp represents the mechanical torque, and Iy, represents the total inertia of the
surface pumping unit (induction motor plus pump), as in Equations (15) and (16).
Denoting AT = Ty — Tpump, from Equation (35), the following transfer function
is obtained:
fm(s) Pmotor (37)

AT(s)  2-70-Ipump-s

which represents the driving shaft system’s transfer function.
Taking into account the transfer function of a proportional and integral controller (PI5)
of the form (38):

_ kio
PI, = kp2 + s (38)
the transfer function of the closed loop with unitary feedback becomes:
fm(s) kpa2-s + ki
fur(s) ~ 27 )

Tpump-s? + kpa-s + ki

Pmotor
where the motor electrical frequency (fm*) is the input and the actual motor electrical
frequency (fm) is the output.

For the PI, controller of the surface pump speed, the same tuning method as the
one used for the current regulators of the induction motor, in Equations (25)—(33), is used.
Similarly, the closed loop denominator of Equation (39) is matched with a standard second-
order system denominator:

(Z'N’Ipump/Pmotor) s% + kpZ'S +kip = s>+ 2:Cprwpps + (wnZ)z (40)
The required proportional (k,2) and integral (k;2) gains are:

C2Wy2* Pmotor
kyp=2—"F"" 41
p2 7T'Ipump ( )

(wnZ)z‘Pmotor

kip =
2 2 Ly

(42)

To obtain the electrical frequency error Afm = (fm* — fm), expressed as a function
of the head (pressure) error AH = (H* — H), the first-order Taylor series approximation
is used:

2.
H=H+ ="

(fm—fo)-(H) (43)

Pmotor
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where H is obtained by deriving Equation (8) from the affinity laws, based on Equations (7)—(9),
where the angular velocity (w) is converted into the electrical frequency (fin) (Equation (36)),
and the nominal head (Hy) and frequency (fing) are equal to the reference head (H* = Hp) and
frequency (fm* = fmg) [26]. From Equation (43), we determine that:

AH = 2 Af(H) zﬂﬁfandAf:M-AH (44)
Pmotor fm* pmotor'fm* 4.7t-H*

Parallel to the speed controller loop, a flux controller loop is similarly developed.
The flux controller directly provides the d-axis current as a reference for the inner loop
representing the current regulation of the d-axis.

Similar to the speed controller, the flux controller is developed as a PI5 regulator, with
kps and ki3 as the proportional and integral gains. Because the d-axis current loop dynamic
is much faster than the rotor flux dynamic, the transfer function representing the rotor flux
estimator can be written as shown in Equation (45) [38] (neglecting the dynamics of the
d-axis current control loop):

le,(S) _ L
igs(s) s+ 1

(45)

where T, is the rotor time constant.

Using the same methodology as the one described for the speed control loop and,
additionally, using a proportional and integral controller type (Equation (38)) (PI3), the
transfer function of the rotor flux closed loop with unitary feedback becomes:

lf[dr (S) _ kpg'S + kig (46)
Far* (S) 2. I 1 k k
s I, +s- L, +kp3 | T ki3

where the reference of the rotor flux (¥ ;*) is the input and the actual rotor flux (¥,) is
the output.

To calculate the flux controller gains, the closed loop denominator of Equation (46) is
identified with a standard second-order system’s denominator, resulting in:

T
kps = s’ 47)
m
T 1
kiz = LL'Z'CB'WnB — I (48)
m m

4. Simulation Results

The multi-pump system model was validated by a comparison, shown in Table 1,
between the simulated and real current and power consumption of each pump, setting the
pumps in the modeled multi-pump system to operate at the same head and flow rate as the
ones in the real installation. According to the experimental results in Table 1, the proposed
multi-pump system model has a maximum error of +4.5%.

Table 1. Experimental data vs. model validation data.

Measured Simulated Measured Simulated

Pump Power Con- Power Con- E11"r(:)‘rv(e‘;o) Current Current ES:IJ;Ti;:)
sumption (kW)  sumption (kW) Consumption (A) Consumption (A)
Submersible pump 1 21.616 20.884 3.3864 39 37.68 3.3846
Submersible pump 2 20.95 21.528 —2.7589 37.8 38.8412 —2.7545
Submersible pump 3 19.953 20.858 —4.5357 36 37.6323 —4.5342
Submersible pump 4 22.17 21.222 4.276 40 38.2891 4.2773
Surface pump 35.562 35.0498 1.4403 59 58.1494 1.4417
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The proposed control strategy was validated through two simulations. In the first
simulation, the irrigation system was considered to be powered by an electrical grid
with three price periods, and in the second simulation, it was powered by a photovoltaic
generator. The performance of the proposed control strategy was determined by analyzing
several performance indicators: the operating period, absorbed power, energy consumption
and the pumping water flow and volume.

In the first simulation, the characteristics and boundaries of the actual three price
periods (standard, peak and off-peak) of the energy supply contract were considered:

e Standard period between 7:00 and 18:00, with the maximum contracted power of
121 kW;

e  Peak period between 18:00 and 22:00, without any contracted power, meaning that no
pump should operate during this period.

o  Off-peak period between 22:00 and 7:00, with the maximum contracted power of
121 kW;

e Considering a switch of the submersible pumps’ priorities, leading to the monthly
percentage of the total operating period in Table 2.

Table 2. Monthly percentage of the total operating period.

Month Submersible Pump 1 Submersible Pump 2 Submersible Pump 3 Submersible Pump 4
January 10% 30% 30% 30%
February 10% 30% 30% 30%
March 10% 30% 30% 30%
April 10% 30% 30% 30%
May 10% 30% 30% 30%
Jun 25% 25% 25% 25%
July 25% 25% 25% 25%
August 19% 27% 27% 27%
September 25% 25% 25% 25%
October 10% 30% 30% 30%
November 10% 30% 30% 30%
December 10% 30% 30% 30%

For the first simulation, only two performance indicators were validated by the experi-
mental data. The monthly energy consumption was validated by the monthly electricity
bills during the 2021 irrigation campaign, and the simulation of the water volume at the
end of one year has was by the irrigation water volume calculated at the end of the same
irrigation campaign.

Figure 8 presents the operating period of each pump on a representative day of every
month, shown in Figure 8a, and during the entire month, shown in Figure 8b, after the
one-year simulation. The representative day of every month refers to a day that represents
the average of the considered characteristics (operating hours in Figure 8) of the operational
days of every month.

Figure 8a confirms the correct operation of the proposed control strategy, respecting
the boundaries of the contract with the energy provider. During the most demanding
irrigation months (June, July, August and September), the maximum operating period of
any pump does not exceed 20 hours, including only the standard (7:00-18:00) and off-peak
(22:00-7:00) periods, because no power is contracted during the four hours of the peak
period (18:00-22:00). From Figure 8b, it can be seen that, outside the irrigation campaign
(November, December, January and February), the customer uses the system one-quarter
of the time that it is used during the most demanding months of the irrigation campaign
(June, July, August and September).

Figure 9 depicts the energy consumption of each pump during a representative day
of every month, shown in Figure 9a, and during the entire month, in Figure 9b, for the
one-year simulation, compared to the experimental data (data obtained from the electricity
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Hours

k\Wh

bills in 2021). As seen in Figure 9, the maximum energy consumption during the irrigation
campaign reaches 2.4 MWh/day (Figure 9a) and 75 MWh/month (Figure 9b).
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Figure 8. Operating hours of each pump: (a) on the representative day of every month; (b) every month.
4
2500 8 x 10 i
| I submersible pump 1
2250 I Submersible pump 2
[ Submersible pump 3 7r I submersible pump 1
2000 - I submersible pump 4 [N submersible pump 2
[ Surface pump ["]Submersible pump 3
1750 [ Electricity bils 6 I Submersible pump 4
I surface pump
[ IElectricity bills
1500 5
1250 £,
=4
1000
3
750
2
500
250 1

5 6 7 8 9 10 1 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
(a) (b)

Figure 9. Energy consumption of each pump: (a) on the representative day of every month; (b) every
month (simulation vs. experiment).

The result for the energy consumption of the irrigation system based on the one-year
simulation, depicted in Figure 9, is validated by the experimental energy consumption in
2021 obtained from the electricity bills, presented in Table 3.

Figure 10 depicts the absorbed power from the electrical grid by the entire irrigation
(all the pumps) system during the representative day of each month based on the one-year
simulation. Figure 9 confirms, again, the correct operation of the proposed control strategy,
which respects the contract boundaries, as there is no energy consumption during the peak
hours (pink colored area in Figure 10). In Figure 10, it can be seen that during the simulation,
the proposed control strategy behaves in the same ways as the real system (confirmed by
the experimental data from Table 3) because, outside the irrigation campaign (November,
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December, January and February), the system operates only during the standard period
and, during the most demanding months of the irrigation campaign (June, July, August
and September), all the pumps work for almost 20 h.

Table 3. Irrigation system monthly energy consumption during 2021 in kWh (experimental data).

Standard Hours kWh Peak Hours kWh Off-Peak Hours kWh Operational
Month 7:00-18:00 18:00-22:00 22:00-7:00 Total Energy kWh Dall)ys/Month
January 12,581 0 0 12,581 21
February 12,581 0 0 12,581 24
March 27,154 0 2422 29,576 26
April 33,789 0 28,359 62,148 30
May 35,890 0 33,551 69,441 31
Jun 39,683 0 32,468 72,152 30
July 41,006 0 33,551 74,557 31
August 41,006 0 33,551 74,557 31
September 39,683 0 32,468 72,152 30
October 33,635 0 16,004 49,639 31
November 12,581 0 0 12,581 30
December 12,581 0 0 12,581 23
\ I ]
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100 |- | —l | ;";fh
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80 — June
z ‘ e

60 —

a0

20 —
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December
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Figure 10. Power absorbed from the electrical grid by the system during the representative day of
each month.

Figure 11 depicts the one-year simulation of the volume pumped by each pump during
the representative day of every month, shown in Figure 11a, and during the entire month,
in Figure 11b. As can be seen in Figure 11, slightly more of the volume of the water collected
by the submersible pump (692,000 m?) is distributed by the surface pump (717,000 m®) to
the irrigation network, distributing even more, because the simulation started with the
water storage unit being full (25,000 m?), leaving it empty at the end of the year. This
was an input restriction affecting the simulation. The simulation results are very close to
the experimental data obtained during the 2021 irrigation campaign, where, according to
the irrigation flow counter, a total volume of 700,000 m? was pumped into the irrigation
network. The 2021 irrigation campaign started and ended with the water storage unit full.

Figure 12 presents the water flow distributed to the irrigation system by the surface
pump on the representative day of every month during the one-year simulation. Figure 12
confirms the performance of the proposed control strategy, operating as desired during the
entire year, without the need for external adjustment. In the same figure, during the peak
hours, the system does not irrigate the field, and outside the irrigation campaign, the irriga-
tion is significantly reduced (about a quarter) compared to the most demanding months.

In order to validate the performance of the proposed control strategy with respect to
another intermittent and fluctuating power source, the response of the proposed control
strategy was simulated using the proposed model, considering the power produced by a
164 kW photovoltaic generator at the site location. Due to space restrictions in this paper,
for the second simulation, we present the analysis of only two performance indicators (the
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Figure 11. Volume pumped by each pump: (a) on the representative day of every month; (b) every month.
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Figure 12. Irrigation water flow on the representative day of each month.

The power produced by the 164 kW photovoltaic generator during the representative
day of each month is presented in Figure 13. In this case, the representative day of each
month refers to a day that represents the average of the considered characteristics (energy
produced in this Figure 13) of each month. As can be seen from the shape of the curves, the
structure of the photovoltaic generator consists of one axis with 7-S trackers that track the
sun from east to west and uses a backtracking algorithm to reduce the impact created by
the shadow of the neighboring trackers.

Similar to the simulation considering a power grid with three price periods as a
fluctuating and intermittent power source, the simulation considering the photovoltaic
generator confirms the good performance of the proposed control strategy in operating
a pumping system with water storage powered by a fluctuating and intermittent power
source. Figure 14 presents the volume pumped by each pump during the representative day
of every month, shown in Figure 14a, and during every month, in Figure 14b, and it shows
that by integrating a 164 kW photovoltaic generator into the actual system, except for the
most demanding months of the irrigation campaign, all the energy necessary for a similar
irrigation can be ensured by a 164 kW photovoltaic generator. During the most demanding
months, only half of the energy required by the irrigation system can be ensured by the 164
kW photovoltaic generator.
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Figure 13. Energy produced by a 164 kW photovoltaic generator at the site location during the
representative day of each month.
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Figure 14. Volume pumped by each pump using a 164 kW photovoltaic generator: (a) on the
representative day of every month; (b) every month.

Overall, based on the performance indicators of the two simulations, it can be con-
cluded that:

e Of all the simulation performance indicators (operating period, absorbed power,
energy consumption, pumping water flow and volume), two of them were validated
by the experimental data. The monthly energy consumption was validated by the
energy consumption from the monthly electricity bills during the 2021 irrigation
campaign. Additionally, the water volume at the end of the one-year simulation was
validated by the irrigation water volume displayed on the flow counter at the end of
the same irrigation campaign.

e  Using an intermittent and fluctuating power source, the presented control strategy, in
addition to respecting all the boundaries and conditions imposed, performs very well,
sometimes naturally (by a photovoltaic generator or a wind electrical generator) and
sometimes economically (by an electricity source with various price periods), leading
to an efficient energy management without sacrificing the operation and lifetime of
the plant.

e  The proposed control strategy managed the water storage (ensuring stable and con-
tinuous irrigation, especially during the irrigation campaign) with high efficiency
and respected the economic restrictions imposed by the user. It should be mentioned
that, during the irrigation campaign, the proposed control strategy used the irrigation
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system’s capabilities to the maximum, while outside this campaign, it only used the
necessary capacity.

e In the simulation where the photovoltaic generator powered the multi-pump system
with water storage, it was found that a 164 kW photovoltaic generator can ensure
all the energy necessary for a similar irrigation campaign, except during the most
demanding months of the irrigation campaign (June, July, August and September),
where only half of the energy required by the irrigation system can be ensured by the
photovoltaic generator.

e  Although the proposed control strategy was tested only in the case of pumping systems
powered by an electrical grid with various price periods or by photovoltaic generators,
it can be assumed that it would also work for those powered by wind electrical
generators (due to their slower dynamics compared to photovoltaic generators or
power grids).

5. Conclusions

The proposed modelling and control strategy operates a multi-pump system with
water storage powered by any fluctuating and intermittent power source, such as a power
grid with various price periods (with three price periods being considered in this paper:
standard, peak and off-peak), a photovoltaic generator or even a wind electrical generator.
A real irrigation system was considered in this paper, but the solution can be applied to
any water supply and distribution system in the civil/industrial or agricultural industry.

The multi-pump system model and the proposed control strategy were validated
through an in-depth analysis of the simulation performance indicators of the considered
irrigation system, powered by an electrical grid with three price periods in the first simula-
tion and by a photovoltaic generator in the second simulation. For the first simulation, two
performance indicators (the monthly energy consumption and water volume discharged
into the irrigation system) were validated by the experimental data. From the second
simulation, it was found that a 164 kW photovoltaic generator can ensure all the energy
necessary for a similar irrigation campaign, except during the most demanding months of
the irrigation campaign, where only half of the energy required by the irrigation system
can be ensured by the photovoltaic generator.

The novelty of this work consists of the proposed control strategy, which demonstrated,
through the simulations results (part of the results were also confirmed experimentally), a
good performance in operating a multi-pump system with water storage powered by any
fluctuant and intermittent power source.

In addition to the main contribution offered through the proposed control strategy, this
work also contributes, together with the proposed model and the simulation methodology,
an evaluation of the technical and economic feasibility of integrating any fluctuating and
intermittent power source into a multi-pump system with water storage. The proposed
modelling, control strategy and simulation methodology can benefit those working on
all the multi-pump systems with water storage in terms of the identification, planning,
evaluation and negotiation of new energy supply contracts for their powering.

Finally, it can be mentioned that, in future work, more advanced control strategies,
compared to that the presented here, can be implemented, such as robust control, model
predictive control, fuzzy logic control, adaptive control or neural network-based control, etc.
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Abbreviations
List of denotations, meanings and units:
Hy Nominal pumping head, m;
Hg Static head, m;
k Head loss coefficient, h/m?;
Qo Nominal pumping flow rate, m3/h;
Priao Nominal pump’s hydraulic power, W;
0 Water density, Kg/m?3;
g Gravitational acceleration, m/s?;
Vool Water pool capacity, m?;
VipooLout Water volume extracted from the pool by the surface pump, m3;
Vpool.in Water volume discharged into the pool by the submersible pumps, m?;
A Head-flow 1st coefficient, m;
B Head-flow 2nd coefficient, h/m?;
C Head-flow 3rd coefficient, h/m?;
D Efficiency—flow 1st coefficient, 1/ m?;
E Efficiency—flow 2nd coefficient, 1/ m>;
7o Nominal efficiency of the pump, -;
w Pump’s operating speed, rad/s;
wp Pump’s nominal speed, rad/s;
o Denotes the ratio between the pump’s nominal and operating speeds, -;
Ppumpo Nominal mechanical (rotational) power required by the pump, W;
Ppump Operating mechanical (rotational) power required by the pump, W;
H Operating pumping head, m;
Q Operating pumping flow rate, m3/h;
G Pump geometry, m?;
Qlw) Pump discharge according to the pump speed variation, m?/h;
n Operating efficiency of the pump, -;
Tpump Pump torque, Nm;
Lyump Pump moment of inertia, Kg m?2;
s
Us The stator voltage vector reference to the stator, V;
S
Z The stator current vector reference to the stator, A;
IFrS The rotor flux vector reference to the stator, Vmm;
Ly Magnetizing inductance, H;
Lg Stator inductance, H;
L, Rotor inductance, H;
Tem Electromagnetic torque of the induction motor, Nm;
P Input power of the induction motor/output power, W;
Pmotor Induction motor’s number of pole pairs, -;
kO No-load inverter losses, -;
k1 Linear inverter losses, -;
k2 Joule inverter losses, -;
P irivenomingt  Nominal power of the induction motor drive, W;
Piriveinput Input power of the induction motor drive, W;
W drive Efficiency of the induction motor drive, %;
Hfilter Efficiency of the DV /DT filter, %;
] cables The efficiency after the loss due to the voltage drop in the cables, %;

The stator three-phase AC voltage commands transformed in the synchronous (dq)

v4s and v
ds 7 reference frame, V;
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The stator three-phase AC voltage commands transformed in the stationary («3)
reference frame, V;

The stator three-phase AC voltages, V;

The stator three-phase AC currents, A;

Uns and Ugs

Uas, Upss Ucs

las, Upss Les

iy and ig The stator three-phase AC currents expressed in stationary (xf3) reference frame, A;

Sa, Sb, Sc The pulse-width modulation switching commands (orders), -;

T, Transformation from synchronous (dq) reference frame into stationary («[3) reference

0P frame, -;

T Transformation from three-phase (abc) complex space vector into stationary (xf3)
abe.p reference frame, -;

T Transformation from stationary («[3) reference frame into synchronous (dq) reference
ap.dq frame, -;

T Transformation from stationary («[3) reference frame into three-phase (abc) complex
«p.abe space vector, -;

igs™ Reference of the d-axis (real component) current loop, A;

igs The output of the d-axis (real component) current loop, A;

igs” The reference of the g-axis (imaginary component) current loop, A;

lgs The output of the g-axis (imaginary component) current loop, A;

kp1 Proportional gain of the d- and g-axis current systems, -;

ki1 Integral gain of the d- and g-axis current systems, -;

wWn1 The first natural frequency of the d- and g-axis current systems, Hz;

¢1 The damping factor of the d- and g-axis current systems, Ns/m;

fm Induction motor electrical frequency, Hz;

fm* Induction motor electrical frequency reference, Hz;

kp> Proportional gain of the driving shaft speed controller, -;

ki» Integral gain of the driving shaft speed controller, -;

Wno The first natural frequency of the driving shaft system, Hz;

éo The damping factor of the driving shaft system, Ns/m;

Tr Induction motor’s rotor time constant, s;

kp3 Proportional gain of the rotor flux controller, -;

ki3 Integral gain of the driving rotor flux controller, -;

Wn3 The first natural frequency of the rotor flux estimator, Hz;

¢3 The damping factor of the rotor flux estimator, Ns/m.

Appendix A

Table A1 presents the technical specifications of the submersible [24] and surface [25] pumps.

Table Al. Pumps’ technical specifications.

Properties Submersible Pump Surface Pump Symbol Unit
Manufacturer Caprari Dutchi Motors - -
Type E6P35/14M DM1 225M4 - -
Pump number 1 2 3 4 - - -
Operating Flow 38.52 38.88 34.68 40 150-170 Q m3/h
Maximum flow 41 41 41 41 - Qmax m3/h
Consumer pressure 1 1.2 1.2 15 3.7 Hgcons bar
Well Dynamic head 100 98 100 105 - Hgwen mca
Water level variation 0 1 0 1 - AHg mca
Pipe diameter 0.11 0.11 0.11 0.11 - Dpipe m
Measured voltage 400 400 400 400 400 \% \%
Measured current 39 37.8 36 40 59 I C
Measured Power factor 0.8 0.8 0.8 0.8 0.87 Cos @ -
Absorbed power 21.616 20.95 19.953 22.17 35.562 P kW
Head—flow 1st coefficient 187.1244 41.2583 A m
Head-flow 2nd coefficient 0.6671 0.0891 B h/m?
Head—flow 3rd coefficient —0.0577 —0.0005 C h/m°
Efficiency—flow 1st coefficient 4.3812 0.8306 D 1/m?
Efficiency—flow 2nd coefficient —0.0628 —0.0022 E 1/m®
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Table A2 presents the technical specifications of the induction motors that drive the
submersible [24] and surface [25] pumps.

Table A2. Induction motors’ technical specifications.

. . Submersible Pum Surface Pum .
Technical Properties Induction MotorP Induction Motlz)r Symbol Unit
Manufacturer Caprari Dutchi Motors - -
Type MAC625A-8V M301852121-V - -
Nominal Power 18.5 34 Pivo kW
Nominal Efficiency 83% 94.2% MO %
Nominal Frequency 50 50 fim Hz
Nominal Voltage 400 400 Vim V
Nominal Current 40.2 81.1 Im A
Number of poles 2 4 Poles -
Rotor synchronous speed 3000 1500 Ws rpm
Rotor nominal speed 2875 1480 wy rpm
Rotor operating speed Variable Variable w rpm
Power factor 0.8 0.85 cos @ -

Table A3 presents the technical specifications of the variable frequency drive (VFD) [36].

Table A3. Variable frequency drive technical specifications.

Technical Properties Variable Frequency Drive Symbol Unit
Manufacturer Nidec Control Techniques - -
Type F300 - -
Maximum DC voltage 980 V maxVEDdc Vdc
MMP DC voltage range 540-830 VVEDdc Vdc
AC rated power 45 Pvep kW
AC rated voltage 400 VVEDac Vac
AC rated frequency 50 fvrD A
AC maximum continuous current 94 Ivrp A
No-load inverter losses 0.0115 ko -
Linear inverter losses 0.0015 kq -
Joule inverter losses 0.0438 ko -
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