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Abstract: Currently, the most implemented solution for driving a pumping system (PS) at variable
speed is using a variable frequency drive (VFD). Because most of the VFDs have integrated only one
proportional-integral (PI) frequency controller whose parameters (proportional gain/the integration
time) can be off-line tuned but cannot be changed during real-time operation, and many PS must
operate in different regimes (at variable speed, variable flow rate, at variable pumping head or even
at variable power, e.g., those powered by renewable energy sources), the adaptive control strategy
proposed in this paper overcomes these problems with very good performances. The proposed
adaptive control strategy uses only simple PI controllers for managing several operating regimes.
The adaptive character is not ensured by re-tuning the PI controller parameters as in self-tuning
controllers but by readjusting the control law through a change in the control loop depending on the
controlled output of the process (pump speed, pump discharge, pumping head or absorbed power).
The deviations of the mentioned controlled outputs from their referenced values are converted into
electrical frequency error (the deviation of the current value from its reference), which is the regular
input to the already tuned controller; therefore, no controller re-tuning is required.

Keywords: adaptive control; pumping system; variable frequency drive; nonlinear model of a
pumping system

1. Introduction

In recent decades, pumping systems (PSs) have evolved significantly through progres-
sive modernization to reach greater efficiency in water exploitation and use. This has been
achieved by integrating various modern solutions that have replaced the traditional ones
(for example, gravity irrigation has been replaced by sprinkler or drip irrigation systems).
A consequence of those methods consisted of a drastic increase in energy consumption [1].
For this reason, in recent years, the classic regulation systems of PSs (both the valves that
regulated the pumping head and flow, as well as the star and delta starting of the induction
motors that drove the centrifugal pumps) were replaced by electronic power solutions,
being more energy efficient [2]. Nowadays, the most implemented commercial solution
for driving PS at variable speed is using a variable frequency drive (VFD) [3]. Because
most of the VFDs have integrated only one proportional-integral (PI) frequency controller
whose parameters (proportional gain/integration time) can be off-line tuned but cannot
be changed during real-time operation, the current paper proposes a nonlinear dynam-
ical mathematical model for a PS driven by a VFD and an adaptive control strategy for
switching between four different regimes of a PS during operation without re-tuning the
controller parameters. The proposed control strategy can handle four operating regimes: at
variable speed (angular velocity), at variable discharge (pumping flow), at variable pump-
ing head (pressure) and for tracking a variable available power (tracking a fluctuating and
intermittent power source such as the power produced by renewable energy conversion
systems [1,4]).
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The current work presents the nonlinear modelling, control and simulation of a high-
power PS. It begins with a short description of the considered PS and its main components,
followed by its mathematical model in Section 2. Section 3 presents the proposed adaptive
control strategy, and in Section 4, the performance of the proposed control strategy is
determined by analyzing several performance indicators during four simulations, wherein
the pumping system operates at desired variable speed, flow, pressure, and power. Section 5
presents the conclusions.

The main contribution brought by the current paper consists of the design, imple-
mentation and validation of a new adaptive control strategy for a pumping system using
only simple PI controllers. The proposed adaptive control strategy is developed based on
the vector control of an induction machine in the synchronous reference frame (“d-q”),
whose references for the PI current controllers (one for the “d” axis and one for the “q”
axis) are provided by other two PI controller in cascade, one for controlling the electrical
frequency and one for controlling flux [1,5]. For switching between the different operating
regimes of the PS, the speed error (the deviation of the current value from its reference), the
pumping flow error, the pumping head error and the available power error are converted
into electrical frequency error. The adaptive character is not ensured by re-tuning the PI
controller parameters as in self-tuning controllers [6,7] or by a reference model [8,9] but
by readjusting the control law through a change in the control loop depending on the
controlled output of the process (pump speed, pump discharge, pumping head or absorbed
power). The deviations of the mentioned controlled outputs from their referenced values
are converted into electrical frequency error (the deviation of the current value from its
reference), which is the regular input to the already tuned controller; therefore, no controller
re-tuning is required.

The case studies, carried out through simulation in MATLAB and Simulink, consider-
ing an existing industrial high-power PS (whose layout is presented in Figure 1), led to the
conclusion that the proposed adaptive control strategy ensures good performance, being
recommended for PS configurations with induction motors driven by VFD with at least one
integrated PI frequency controller (whose parameters can be programmable), that requires
a switch between the different regimes during operation.
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Figure 1. The layout of the existing industrial high-power pumping system [10].

The considered PS is located in the Aragon region of Spain [10]. Figure 1 presents its
layout and main components: a VFD that drives the induction motor of a submersible pump
to collect water from a borehole and discharge it into a hydraulic distribution network.
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2. Mathematical Model of a Pumping System Driven by a Variable Frequency Drive

In the current section, a nonlinear mathematical model of the considered high-power
PS is developed. Figure 2 presents the diagram of the centrifugal pump driven by an
induction motor powered by a constant and stable power source through a VFD [11].
According to Figure 2, through the VFD, the induction motor is driven at variable frequency,
operating the centrifugal pump at variable speed, variable flow, variable pressure or at
variable available power.
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Figure 2. Diagram of a centrifugal pump driven at variable speed, variable flow, variable pressure
and variable available power by an induction motor through a VFD.

The nonlinear mathematical model mainly considered a variable frequency drive, an
induction motor (IM), the centrifugal pump and the water distribution network (Figure 2).
The dynamics of the other systems were either ignored or indirectly transferred to the
already modeled systems.

The dynamic of the PS is modelled according to the following Equation (1) of motion [12],

Ips'w.ps =Tim— Tpump 1)

and is based on the difference between the torques of the pump (Tpunp) and the induction
motor (Tpy), with [, being the PS moment of inertia and wys the angular velocity of the
motor (pump) shaft.

2.1. Variable Frequency Drive (VFD) Model

Besides the controller, the VFD also contains the execution elements (the rectifier and
the inverter). The efficiency of the motor drive is calculated in Equation (2) based on the
nominal power (Pyvrpuominar), output power (Pyppoutput) and three experimental parameters
identified in reference [1,10]: kO representing no-load losses, k1 representing the losses
according to the voltage drop across diodes and k2 representing the resistive losses [1,10,13].

HVED = 4 5 2
p- (kO + kl'pVFDoutput + kz'pVFDoutput )
where p = Pvrpoutput / PvEDnominal, With the Pyrpouspus being the VFD output power.
The AC electrical power required (input) by the VFD is obtained in Equation (3):

PVFDinput = PVPDoutput/Wdrive/Ufilter/ﬂcables 3)

where Pypp;yy is the VFD input power, #4,0e is the induction motor drive efficiency, Hfilter
is the DV /DT filter efficiency, and # s is the efficiency after the loss due to the voltage
drop in the cables. Table Al from Appendix A presents the technical parameters of the
VED [1,10,11].
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2.2. Induction Motor Model

The three-phase induction motor drives the centrifugal pump, and it can be powered
through a VFD by power sources such as the national grid and diesel or gasoline generators.
In Table A2 from Appendix A, it can be seen the technical parameters of the induction
motor that drives the submersible pump.

The electrical angular velocity wiy represents the angular velocity of the induction
motor shaft angular velocity wps multiplied by the pole pairs of the machine ppotor, as
shown in Equation (4) [14]:

WIM = Pmotor Wps 4)

The synchronous speed of the induction motor stator ws; is calculated according to
Equation (5) [15]:
60-f,
Wgs = > (5)

Pmotor

where fs = 50 [Hz] is the grid frequency of the balanced three phases and pytor = 3 represents
the induction motor pairs of poles (6 poles).

The nonlinear dynamic model of the three-phase induction motor is developed consid-
ering an induction machine operating in the motor regime, where the space vector theory of
the basic electric equations of the machines is applied. In the current work, the synchronous
reference frame (d-q) that rotates at synchronous speed is considered [14].

The induction motor stator and rotor voltage are obtained in a synchronously rotating
reference frame using the electromagnetic Equations (6) and (7) [16]:

e dlza o = Rsigs + dlp — Wss*Pys
Us = Rs-is it lle - > d (6)
qu = Ry 1qs + dt > + Wss Pas
—a
-0 d . —a O—Rz+¢ Wss — WiM)*
0=Ryi, + Z; — j(wss — wim) - ¥r — > ridr l,,qr = (Wss = @im) Pyr 7)
0 = Ryigr + i~ + (Wss — wim) Yar

where a denotes that the space vectors refer to a synchronously rotating reference frame;

=0, .
vs is the stator voltage vector reference to a synchronously rotating frame; R; and R, are
—a
the stator and rotor resistances; i; is the stator current vector reference to a synchronously
—a
rotating frame; dips is the stator flux vector reference to a synchronously rotating frame;
vy and v, are the voltage vector d and q components; 1,45 and 45 are the d and q components
of the stator flux; iz and iy are the d and q components of the stator current; iz, and i
—a
are the d and q components of the rotor current; i, is the rotor current vector reference to
—a

a synchronously rotating frame; ¢, is the rotor flux vector reference to a synchronously
rotating frame, and ¢4, and ¥, are the d and q components of the rotor flux.

Similar to the voltage equations, the flux equations are obtained in a synchronously
rotating reference frame using Equations (8) and (9) [15]:

—a P e Was = (Los + L) igs + Lm-ig

= (Lys + Lim)-is +Ly-ip —>< 7% 7 8 s 8
¥s (Los m)is " {ll«’qs = (Lys + Lm)‘lqs + Lm'lqs ®)
—a —a —a Yar = Lm'id + (Lar+Lm)'id

= Lm-is + (Lor + Lm)-ip — > r A A 9
Yr mes ( o m) ' {4qu = Lm'lqs + (Lcrr + Lm)'lqr ( )

where L;, is the magnetizing inductance, and L,s and L, are the leakage inductances of the
stator and rotor windings.
The active power of the induction motor Py, is calculated using Equation (10) [14]:

Py = (Z)d ig+ vy Zq) (10)

I\)\OJ
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The reactive power of the induction motor Qp is calculated using Equation (11) [14]:

Qv = 5-(vg-iq — va-iy) (11)

N W

The electromagnetic torque of the induction motor Ty is calculated using Equation (12) [16]:

_ 3 L : :
Tim = j'Pmotor'(LTfLM'(lpqs'ldr - 1Pds'1qr) —

- (12)
s

L . .
= Tim= %'Pmotor'm' lgr = k_T'lqr

The diagram from Figure 3 represents the flow chart of the induction motor model
developed in Simulink:

-
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Figure 3. Induction Motor dynamic model Simulink diagram.

2.3. Variable Speed Centrifugal Pump Model

The variable-speed centrifugal pump [17] is a submersible pump that collects water
from a well and delivers it directly into an irrigation hydraulic distribution network at
different operating points. Besides the technical specifications, Table A3 in Appendix A also
presents the operating points of the submersible pumps [17]. The variable-speed centrifugal
pump is installed, below the lowest water level, at a depth of 40 m (PUMP_DEPTH ~ 40 m
below the ground level in Figure 1), and the water is extracted from a depth of 30.5 m
(HG_WATER_SOURCE =~ 30.5 m dynamic level in Figure 1). The pump discharges a
nominal flow of 91.85 m3/h, with the maximum discharge being 95 m?/h.

The variable centrifugal pump is modelled based on A, B, C, D and E coefficients from
Table 1.

Table 1. The 7 operating points of the Variable speed centrifugal pump used in identifying the
coefficients of the pump head-flow and efficiency—flow equations.

50 Hz Curve Fitting Point Q [m3/h] H [m] P [kW] 7 [%] NPSH [m]

1 0 185 0 0 0

2 54 177 36.8 68.1 1.8
3 69.84 166 41.19 76.7 2.37
4 85.68 152 45.11 80 3.22
5 101.52 133.5 48.09 78 4.28
6 117.36 111 50.01 71 5.6
7 133.2 85 50.03 58.35 7.2

The coefficients are identified through quadratic regression on seven operating points
on the pump head—flow (Hy-Qp) and efficiency—flow (179-Qp) curves at 50 Hz provided by
the manufacturer (Figure 4) using the nonlinear model developed and fully explained in [1]
(same denotation as in reference [1] are also used in the current paper).



Machines 2023, 11, 688

6 of 25

100
e 5() [Hz]
45 [Hz] 90
40 [Hz]
30 [Hz)
25 [Hz]
e 20) [Hz] 70
s 15, [Hz] -
10 [Hz] £ 60
5 [Hz] &
50 Hz curve _5 50
fitting points o
E 40
30 (fl il
| |||\||\
20 i
: | il ||
10 & ||| ||_|I |
I ‘||H|I|I‘I| |
3 IJ |. ||II Ill\ II I|II L 1
0 20 40 60 80 100 120130
3
Flow [m>/h] Flow [m%/h]
(@) (b)

Figure 4. (a) Pump head-flow H-Q curves at different induction motor frequencies; (b) Pump
efficiency-flow n-Q curves at different induction motor frequencies.

The centrifugal pump head-flow characteristic (Hs-Qs) is modeled as a function of
pump speed according to Equation (13) from references [1]:

2

Wps0O Wpso

The centrifugal pump efficiency is modeled as a function of pump speed according to
Equation (14) from references [1]:

0.1 1.1 21
s (wps) =1 <m> +D-Qs-<“”“°> +E-(Qs)2-<@> (14)

Wpss Wpss Wpss

Figure 4a shows the pump characteristics head-flow (H-Q) curves (representing the
pumping head in meters on the x-axis and the pump discharge in m®/h on the y-axis)
at different electrical frequencies (variations from 5 to 50 Hz)—equivalent to the pump
angular velocity.

Figure 4b shows the pump efficiencies (-Q) curves (representing the pump efficiency
on the x-axis and the pump discharge in m3/h on the y-axis) at different electrical frequen-
cies (variations from 5 to 50 Hz).

By combining the head-flow (H-Q) characteristic curves of the pump, Equation (13),
with the pump efficiency-flow (#-Q) characteristic curves from Equation (14), the iso-
efficiency curves are obtained in Figure 5a. The pump efficiency is represented in percent-
ages by the dotted lines, while the pump frequency is represented in Hz by the dashed lines.
The red line represents the hydraulic (water distribution and irrigation system) network
characteristic curve Hs(Qs) from Equation (18) (Section 2.4).
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Figure 5. (a) Pump Iso-efficiency curve at different induction motor frequencies; (b) Pump Iso-power
curve at different induction motor frequencies; (c) Pump Iso-torque curve at different induction motor
frequencies; (d) Pump Iso-inertia curve at different induction motor frequencies.
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The pump iso-power curve is presented in Figure 5b, where the pump power (Ppymp)
is calculated based on delivered hydraulic power (Ppygruiic) divided by the pump efficiency
at the operating point (75), as shown in Equation (15) [18]:

Phydraulic _ Pw‘g‘Hs‘Qs
UE UE

P pump — (15)
where p;, is the water density, and g is the gravitational acceleration.

The pump iso-torque curve is presented in Figure 5c, where the pump torque (Tpump)
is calculated according to Equation (16) from reference [19]:

60-Ppump

1
2'7T’wpss ( 6)

pump =

The pump iso-inertia curve is presented in Figure 5d, where the pump inertia (Ijs) is
calculated based on Equation (17) [20]:

1. = 0.00768.  —Freme )7 17
ys = 0. .<mme) (17)
2.4. Hydraulic Network Model

The considered high-power PS presents five operating points. Table 2 presents the
nominal values of the key parameters for each operating point obtained through sensor
acquisition on the existing industrial high-power PS.

Table 2. Acquisition of nominal data from the sensors during the existing high-power PS operation.

Sector Htotal Q Pressure Pressure Power Frequency
(mca) (m3/h) (bar) Reference (bar) (kW) (Hz)
1 68 54 3.4812354 3.5 12.029 33.0518
2 76 84 4.18822408 42 22.319 39.0077
3 76 91.5 4.42083782 44 25.301 40.3471
4 76 90 4.168346 42 24.676 40.0732
5 72 85.5 3.79069191 3.8 21.890 38.6260

The water distribution and irrigation system characteristic curve is expressed by
Equation (18) [21] and represented with the red line in Figure 5:

Hs = Hg +k-(Qs)* (18)

where Qs is the current pump discharge, H, is the static head, and k is the head loss
coefficient. Figure 5a shows the iso-efficiency diagram of the pump together with the
hydraulic network characteristic curve [1].

The pump discharge (flow rate) as a function of pump speed (wpso) is given by the
cross-point of the pump head flow characteristic curve (Equation (13)) with the hydraulic
network characteristic curve (Equation (18)), resulting in Equation (19):

()0 () o)A m]cn

2(C—k)

Qs (wpss> = (19)
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The pump power (Ppump) is calculated based on delivered hydraulic power (Ppygrauiic)
divided by the pump efficiency at the operating point (5), Equation (20) [1]:

Pw'g‘Hng +p-8k1- (Qs ((Upss)>3

T = (20)
pump 0.1 11 2.1
Wy Wyg 2 [ Wy
(Upss'<1 - (wa(s)) +D'QS(OJpss)'<wZSS) +E'(QS(OJpss)) (szf) )
The pump inertia (Iys) is calculated based on the following Equation (21) [20]:
0.9556
Puf'g‘Hg'Qs+P‘g'k1‘(Qs (‘Upss))3
17<wp50)0.1+D.Q ( )-(@)1‘1+E»(Q ( ))2'(“’;750)2‘1
Wpss s wpss Wpss s wpss Wpss
Lpump = 0.03768: (21)

1000'wlg55

Figure 6 presents the diagram of the centrifugal pump together with the hydraulic
network implemented in Simulink.

o] Q_sensor_man o
- - Irrigation_Network1
Well HR1
<
Hydraulic Fluid1
<
s P A  \B
Pi>e > R e B P
w_motor ] T g
Sensor
s ad Mec (man)1 H_pipeline
Pressure
Source (out)
[0
A
Ps_low HR2

Figure 6. Simulink dynamic model diagram of the centrifugal pump together with the hydraulic
network.

3. The Proposed Adaptive Control Strategy

The most common solution for driving high-power centrifugal pumps at a variable
speed is using a VFD that, by varying the frequency of the induction motor, varies the
speed of the pump. Besides controlling the acceleration to the nominal frequency (0-50 Hz)
and deceleration from the nominal frequency (50-0 Hz) of the induction motor, a VFD
also controls the operation at a variable frequency that can differ from the nominal one
(#50 Hz).

Because most of the VFDs have integrated only one proportional-integral (PI) fre-
quency controller whose parameters (proportional gain/the integration time) can be off-line
tuned but cannot be changed during real-time operation, in the current section, an adaptive
control strategy is developed, that allows switching between four different regimes of a PS
during operation without changing the controller parameters: at variable speed (angular
velocity), at variable discharge (pumping flow), at variable pumping head (pressure) and
for tracking a variable available power (tracking a fluctuating and intermittent power
source such as the power produced by renewable energy conversion systems [1,4]).
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The commutation between the operating regimes is performed manually. However,
each of these operating regimes implies an adaptation of the control law through an
automatic change and recalculation of the electrical frequency error, which is the regular
input to the already tuned controller; therefore, no controller re-tuning is required. Thus,
the adaptive behavior consists of readjusting the control law through a change in the
control loop depending on the controlled output of the process (pump speed, pump
discharge, pumping head or absorbed power). In this way, no separate control systems
are needed for each operating regime, the proposed unitary adaptive control strategy
being able to manage all these regimes. Figure 7 shows this automatic adaptation of the
deviations of the mentioned controlled outputs from their referenced values (depending on
the selected operating mode), which leads to a change of the control law and implicitly to
an adaptive control strategy. In this way, the error calculation block will always generate
an electrical frequency error as an input which the controller can handle for any selected
operating mode.

Order_operating_regim

Pl flux controller Rate Limiter

d/g-->DQ

Pl speed controllé?ate Limiter1

PI_error Out

The only Pl with
programable
(off-line method)
parameters
(proportional gain
and integral time)

Pl current regulator d

Cancelation of cc

DQ-->abc

Pl current regulator q

DQ-->d/q 3rd harmonic injection

abc-->DQ

Vabc_ref
Angle

Figure 7. VFD control loops block diagram in Simulink.

Figure 7 presents the VFD control loop block diagram in Simulink. Where the blue
blocks, together with the orange block (the only PI regulator in the VFD control architec-
ture that allows off-line tuning of its parameters but cannot be changed during real-time
operation), represent the classical variable speed pump control loops implemented in the
VED. The purple blocks represent the mathematical equations (Equations (42) and (43))
with which the classical variable speed pump control loops were extended to operate the
centrifugal pump at variable flow (pump discharge). The green blocks represent the mathe-
matical equations (Equations (44) and (45)) with which the classical variable speed pump
control loops were extended to operate the centrifugal pump at variable pressure (pumping
head). The red blocks represent the mathematical equations (Equations (46) and (47)) with
which the classical variable speed pump control loops were extended to operate the cen-
trifugal pump at variable available power. Through the selection of the operating regime
(Order_operating_regim input in Figure 7), the proposed control system adapts its strategy
according to the desired operating regime by converting the pumping flow error (purple
blocks in Figure 7), the pumping head error (green blocks in Figure 7), and the available
power error (red blocks in Figure 7) into the electrical frequency error of the programable PI
(orange block in Figure 7). The deviations from the pumping flow and head references are
obtained by closing the feedback loops with the current values from the nonlinear model
of the centrifugal pump together with the hydraulic network from Figure 6 (q_pipeline and
H_pipline from Figure 7 are obtained from Q_sensor_main and H_pipline from Figure 6).
The deviations from the induction motor speed and power are obtained by closing the
feedback loops with the current values from the nonlinear model of the induction motor
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from Figure 3 (omega_pm and P_motor_pump from Figure 7 are obtained from omega_pm
and the power meter from Figure 3).
Where [5,16]:
G1, G2 and G3 are variable gains obtained in Equations (43), (45) and (47);
k_T represents the torque coefficient calculated in Equation (12);
DQ— — d/q represents the transformation from a stationary («f3) reference frame
into a synchronous (dq) reference frame;
e abc— — DQ represents the transformation from a three-phase (abc) complex space
vector into a stationary (xf3) reference frame;
e d/q— — DQ represents the transformation from a synchronous (dq) reference frame
into a stationary (xf3) reference frame;
e  DQ— — abc represents the transformation from a stationary (xf3) reference frame
into a three-phase (abc) complex space vector.

cosfs —sinbs
sinfs  cosOs

d/q%DQ:[ };DQﬁd/q:[ ;

1 0 (22)
B | _ B _ 3 1 -1/2 -1/2 1.
DQ— — abc = 1/2 \@/2 ; abc %DQ—z [0 \/5/2 _\/g/z]’

—1/2 —=/3/2

costl;  sinf
—sinfs  cosbs

3.1. Classical Variable Speed Pump Control Strategy Implemented in a VFD

The classical variable speed pump control strategy implemented in the VFD considers
a classical solution for current regulation in vector-controlled AC drives. This solution
contains two PI (Proportional Integral) controllers, one for the speed and one for the flux,
connected in cascade with two equally tuned PI current regulators, one to control the “d”-
axis currents and one for the “q”-axis currents. The two PI current regulators are equally
tuned using a second-order equivalent system of induction motor currents (Equation (23)),

as described in reference [1]:

Rs +k 1 k;
2 |4 il 2 2
. L 2.F w5+ (w 2

with o being the leakage coefficient [10]:

(L)
Lo-Lr

c=1 (24)
where R = 0.095 [(Q] represents the IM stator resistance, R, = 0.063 [(2] represents the IM
rotor resistance, L, = 0.032 [H] is the IM magnetizing inductance, Ls = 0.034 [H] being the
IM stator inductance, and L, = 0.034 [H] the IM rotor inductance. wy1 and &; are the first
natural frequency and damping factors of the system. k1 and k;; are the proportional gain
and integration time of both closed-loop current systems (“d” and “q”), as both PI current
regulators are equally tuned.

From Equation (23), it results that the required proportional gain and integral time
constant are as in Equations (25) and (26), respectively:

kpy = 0-Ls-2-G1-wn1 — R (25)
kil = J'Ls'(wnl)z (26)
with a damping factor equal to 1, §; = 1 [1]:

&1 =1 results — (s 4 wy)? (27)
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and 10

Wnl = 417 (28)
s

To the g-axis PI current regulator is added in cascade, a speed controller, that becomes
the main loop. The speed controller provides the reference for the inner loop g-axis current
(igs ) containing the current regulation (g-axis) from the electromechanical torque according
to Equation (12) from [16], resulting in Equation (29):

Te*m R Tem = K"Pdr'iqs (29)

which allows us to obtain the g-axis current reference, iqs*.
The synthesis of the speed controller is carried out, starting from Equation (30) [16],
where the viscous friction has been neglected:

Tem — Tpump = Ipump'(wpss) = Pmotor

and f;, represents the electrical motor frequency in Equation (31) [1]:

Pmotor Wpss
= 31
fn = Pt @
Iys represent the total inertia of the pumping unit (induction motor plus pump),
Equation (21), and Tpymp represents the mechanical torque (Equation (20)).
Denoting AT = Tey, — Tpump, from Equation (30), the following transfer function of the
driving shaft system is obtained in Equation (32):

AT(s)  2-7t-Ipump-s

fm (5) Pmotor (32)

Considering the transfer function of a Proportional and Integral controller (P12) of the
form of Equation (33):
k:
PL = kpy + 2 33
2= Kpp = (33)
in series with the transfer function from Equation (32), the transfer function of the closed
loop with unitary feedback is obtained in Equation (34):

fn(s) _ kpa-s + kip 34
HO 2 4 ks + ki 34
fm™ (s Ipump-s= + p2:8 + Kip

Pmotor

with f,,” being the electrical motor frequency and representing the input and f;, being the
current motor electrical frequency and representing the output.

For tuning the PI2 speed controller, the closed loop denominator of Equation (34) is
matched to the denominator of a standard second-order system in Equation (35):

% (270 Lpump / Pmotor) + skp2 +kip = §2 4 2-&-wpp-s + (wnz)2 (35)
The required proportional gain (ky2) and integral time constant (k;) are obtained in

Equations (36) and (37):
- 2“:2'wn2'pmotor

kpz = 2’7‘[*1,7 (36)
o (“JnZ)Z'Pmotor
k12 - 2'7T'Ip (37)

In parallel, a flux controller loop is developed and added in cascade to the d-axis PI
current regulator, similar to the speed controller loop. The flux controller becomes the
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main loop and provides the reference for the inner loop d-axis current (izs ) containing the
current regulation (d-axis).

The synthesis of the flux controller starts from the transfer function of the rotor flux
estimator (Equation (38)) function from reference [14]:

\Pdr(s) _ Lm
NOIETES! (38)

where the dynamics of the d-axis current control loop are neglected because the d-axis
current loop dynamic is much faster than the rotor flux dynamic. 7, represents the rotor
time constant.

By including the transfer function of another PI regulator type, Equation (33), (PI3) in
series with the rotor flux estimator and closing the loop with unitary feedback, the transfer
function of the rotor flux closed loop is obtained:

‘Pdr (S) kp3-S + ki3

(39)

where the current rotor flux (¥,) is the output, and the reference of the rotor flux (¥4 )is
the input.

The proportional gain k3 and the integral time constant k;3 of the flux controller are
obtained in Equations (40) and (41) from the identification of the closed-loop denominator
of Equation (39) with a standard second-order system denominator:

T,
kp3 = Lir'wrﬁz (40)
m
T 1
kiz = +—-2:C3-wy3 — +— (41)
m m

3.2. Adapting the Variable Speed Pump Control Strategy of the VFD to Operate the Centrifugal
Pump at Variable Flow (Pump Discharge)

A particular application of the variable speed pump is the pumping system that must
operate at the desired water discharge (volume flow). Due to this reason, a mathematical
equation is introduced (Equation (42)) to obtain the electrical frequency error Af = (f,” — fin)
expressed as a function of water discharge (flow) error AQ = (Q" — Q), and the first-order
Taylor series approximation is used:

2.7

Q=0Q"+

= £ (Q) “2)

Pmotor
where Q is obtained deriving affinity laws from reference [19], the angular velocity (wpss) is
converted into electrical frequency (f,;) (Equation (31)), and the nominal discharge (flow)
(Qo) and frequency (fn) are equal to the reference discharge (Q" = Qp) and frequency (f, =
fmo). From Equation (42), Equation (43) is obtained:

2.7 2-7-QF Pmotor'f:;z
-Af- = —=—A dAf = "—"""2.AQ =GI1-A 43
Pmotor (Q> fm* pmotor'f;;; f an f Q Q ( )

A =
Q 2-mr-H*

The blocks and lines highlighted with purple in Figure 2 represent the diagram of the
electrical connections to the VFD in order to operate the centrifugal pump at a referenced
flow. G1 represents the variable gain used for converting the water discharge (flow) error
into an electrical frequency error.
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3.3. Adapting the Variable Speed Pump Control Strategy of the VFD to Operate the Centrifugal
Pump at Variable Pressure (Pumping Head)

A particular application of the variable speed pump is the pumping system that
must operate at the desired variable pressure (pumping head). Due to this reason, a
mathematical equation is introduced (Equation (44)) to obtain the IM electrical frequency
error Af = (fy" — fn) as a function of pumping head error AH = (H — H), using the first-
order Taylor series approximation:

2.7

Pmotor

H=H"+

U= Fi)(H) . (44)

where H is obtained deriving affinity laws from reference [19], the angular velocity (wpss)
is converted into electrical frequency (f;) (Equation (31)), and the nominal head (Hy) and
frequency (fi0) are equal with the reference head (H "= Hy) and frequency (fm* = fmo) [1].
From Equation (44) results Equation (45):

AH =

2.7 A '(H)fm* _ 4-m-H*

= AT fand af = Pt ap o Goan @)
Pmotor‘fm

4-7t-H*

Pmotor

The blocks and lines highlighted with green in Figure 2 represent the diagram of the
electrical connections to the VFD in order to operate the centrifugal pump at a referenced
pumping head. G2 represents the variable gain used for converting the pumping head
(pressure) error into an electrical frequency error.

3.4. Adapting the Variable Speed Pump Control Strategy of the VFD to Operate the Centrifugal
Pump at Variable Available Power (Tracking a Fluctuating and Intermittent Power Source)

A particular application of the variable speed pump is the pumping system that
must operate at variable available power (tracking a fluctuating and intermittent power
source). For example, in the pumping systems powered by a photovoltaic or electrical wind
generator, where the pumping system absorption power must track the power produced by
a photovoltaic (electrical wind) generator. Due to this reason, a mathematical equation is
introduced (Equation (46)) to obtain the electrical frequency error Af = (f,,” — fu) expressed
as a function of pump power error APpymp = (Ppump* — Ppump), and the first-order Taylor
series approximation is used:

2.7

Pmotor

Ppump = (PPMmP)* + (fm — fm) (Ppt;mp>fm* (46)

where sz;mp is obtained deriving affinity laws from reference [19], the angular veloc-
ity (wpss) is converted into electrical frequency (f,) (Equation (31)), and the nominal
pump power (Ppumpo) and frequency (f,0) are equal with the reference pump power
(Ppump* = Ppumpo) and frequency (fm* = fmo)- From Equation (46) results Equation (47):

Y . _ 4.H*
APpump = PT(fm'Af (PP”mP>fm* - Pmt:for'frtt Af
and (47)

_ _ Pmotor fm —
Af = W “DPpump = G3-APpymp
The blocks and lines highlighted with red in Figure 2 represent the diagram of the
electrical connections to the VFD in order to operate the pumping unit (centrifugal pump
together with the induction motor) at a variable available power. G3 represents the variable
gain used for converting the pump power error into an electrical frequency error.
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4. Simulation Results

The proposed adaptive control strategy presented in Section 3 and the dynamic
model of the pumping system described in Section 2 have been validated through sim-
ulation in Simulink. Four simulations were executed to analyze and evaluate the re-
sponse of the pumping unit (induction motor plus centrifugal pump) driven by a VFD in
four different regimes:

1. Variable speed;

2. Variable flow (pump discharge);

3. Variable pressure (pumping head);

4. Variable available power (tracking a fluctuating and intermittent power source).

4.1. Response of the Adaptive Control Strateqy Operating the Centrifugal Pump at Variable Speed

The first simulation (12 s—Figure 8) presents the response of the pumping unit driven
by a VFD (in the variable speed mode) by a reference speed step from 1800 rpm to 2400 rpm,
occurring in the fourth second. In the ninth second, the proposed control strategy stops the
pumping system operation.

ESDD T T T T T T T T T T T

2400 | Reference speed 7

2300 | Current speed N
el Y Y T MP = 1.5045% at Tp = 0.9679 s
Ezzoo - ———— Ts=1.0285s |
= 2100 —==:Tr=0.7575s 7
=
g 2000 | )
& 1900 |

1800 |

1700 | |

1600 i | | i i i i i

0 1 2 3 4 ] 5] 7 8 2 10 11 12
Time [s]

Figure 8. Response of the induction motor and pump speed (angular velocity) during the operation
of the centrifugal pump at variable speed.

In Figure §, it can be seen that the developed strategy for controlling the pump to vari-
able speed makes the pump seed reach its reference with a small overshoot (MP = 0.3761%)
occurring at the peak time Tp = 0.9679 s after the step, with a settling time Ts = 1.0285 s
(1% criterium) and a rise time of Tr = 0.7575 s (the time for the output to reach from 5% to
95% of the reference). Figure 9a presents the induction motor’s speed reference expressed
in electromechanical torque, the actual electromechanical torque and the load (pump)
torque. It can be seen that the proposed control strategy drives the induction motor with
its maximum torque until it reaches the torque equivalent to its reference speed.

Figure 9b depicts the electrical power absorbed from the power grid, the motor elec-
tromechanical power, the mechanical (rotational) power provided by the motor and the
pump’s shaft mechanical (rotational) power. During the power transition of the induction
motor, the absorbed power from the grid will not exceed the nominal power of the mo-
tor. The fluctuations of the absorbed power do not exceed 1% (accepted by most of the
power grids).
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Figure 9. Responses during the operation of the centrifugal pump at variable speed (angular velocity):

(a) Induction motor and pump torques; (b) Induction motor and pump powers; (c) Voltages of the
3 phases supplying the induction motor; (d) Currents of the 3 phases supplying the induction motor;
(e) Pump discharge; (f) Pumping head.

As seen in Figure 9¢c, the proposed adaptive control strategy holds constant the
three phases of voltage supply from the power grid to the induction motor.
In Figure 9d, it can be seen the current variation of the three phases supplying the
induction motor.
Figure 9e presents the pump water discharge (flow) variation during the variable
speed step response.
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In Figure 9f it can be seen the pumping head (pressure) variation during the variable
speed step response. According to Figure 91, it can be seen that during both speed steps,
one from 1800 rpm to 2400 rpm in the fourth second and one from 2400 rpm to 0 rpm in
the ninth second, no over or under pressure occurs that could lead to water hammer or
cavitation in the pump [22,23].

4.2. Response of the Adaptive Control Strateqy Operating the Centrifugal Pump at Variable Flow
(Pump Discharge)

In the second simulation (12 s), the response of the pumping unit driven by a VFD,
operating at variable flow, by a reference flow step from 84 m3/h to 91.5 m?/h, occurring
in the fourth second, is presented. In the ninth second, the proposed control strategy stops
the pumping system operation.

In Figure 10, it can be seen that the developed strategy for controlling the pump to
various flows (discharges) makes the pump flow reach its reference with a small overshoot
(MP = 15.2023%) occurring at the peak time Tp = 1.2458 s after the step, with a settling time
Ts = 0.4733 s (1% criterium) and a rise time of Tr = 0.138 s (the time for the output to reach
from 5% to 95% of the reference).

100 T T T T T T T T T T T
gt ¥ ‘
80 IE i 4
— 70+ IE 1 1
= 1E 1
mE 60 - Current flow ]
= 50r Reference flow T
S 40 F s (P = 15.2023% at Tp = 0.2256 5 .
L 30t == Ts=0.4733 s .
L = ==+Tr=0.138s |
20 e
10 IE i i
0 | | | IE | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 1 12

Time [s]

Figure 10. Response of the pump discharge (flow) during the operation of the centrifugal pump at
variable pump discharge (flow).

Figure 11a presents the actual speed of the induction motor and the reference pump
flow expressed in the motor’s speed. In the fourth second during the simulation, how the
equivalent speed reference changes as the actual volume flow start reaching its reference
can be seen.

Figure 11b presents the pump water flow reference expressed in electromechanical
torque, the actual electromechanical torque and the load (pump) torque.

Figure 11c shows the three phases of voltage from the power grid being held constant.

In Figure 11d, the current variation of the three phases supplying the induction motor
can be seen.

Figure 11e depicts the electrical power absorbed from the power grid, the motor elec-
tromechanical power, the mechanical (rotational) power provided by the motor and the
pump’s shaft mechanical (rotational) power. During the power transition of the induction
motor, the absorbed power from the grid will not exceed the nominal power of the motor. The
fluctuations of the absorbed power do not exceed 1% (accepted by most of the power grids).

In Figure 11f, the pump head (pressure) variation during the variable flow (discharge)
step response can be seen. According to Figure 11f, it can be seen that during both flow
steps from 84 m3/h to 91.5 m3/h in the fourth second and the stop occurring in the ninth
second, no over or under pressure occurs that could lead to water hammer or cavitation in
the pump [22,24].



Machines 2023, 11, 688

18 of 25

2500 T T T T T T T T T T
2400 b Reference speed ||
Current speed
2300 I}_.
— 2200 1
E. 2100 | 1
© 2000 | 8
8
o 1900 1
? 1800 | ]
1700 4
1600 1
1500 I I I I I I I I . .
1 2 3 4 5 6 7 8 9 10 11 12
Time [s]
(a)
400 T T T T T T T T T T
300
400|
200 S 200
= 100 o
@ 8 0 Phase A
E} 0 >D -200 Phase B
§ -100 _400 | Phase C
1 L P N .o
-200 A % qf qf P
Time [s]
-300
400 I I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10 11 12
Time [s]
(0)
45 T T T T T T T T T T T
40 Grid absorbed power
ﬂ Motor electromechanical power
351 | Motor mechanical power H
E 30k . Pump mechanical power
=25+ A ] -
E .—-—-——_)“'
=20 _
=]
@151 :
10 |
5t 1
0 | I I I I I I I 1 I
1 2 3 4 5 6 7 8 9 10 11 12
Time [s]
(e)

Figure 11.

180
160 -
140 +
120 +
100
80
60
40
20

—_

Torgue [Nm

Motor torque = current J
Motor torque — reference
Pump torque

3 4 5 6 7 8
Time [s]

(b)

B0 oA

Current [A]
=]

-60
-80

wr-t LY

Phase A
Phase B

Phase C

Curr
)
=]

R T EIART "l.

2 201 202 203 204 2

}'. L
1

Time [s]

05

TR

dmd e e s

-100

69.4 T .

Time [s]

()

M 12

Responses during the operation of the centrifugal pump at variable flow (pump discharge):

(a) Induction motor and pump speed; (b) Induction motor and pump torques; (c) Voltages of the
3 phases supplying the induction motor; (d) Currents of the 3 phases supplying the induction motor;
(e) Induction motor and pump powers; (f) Pumping head.

4.3. Response of the Adaptive Control Strategy Operating the Centrifugal Pump at Variable
Pressure (Pumping Head)

The third simulation (12 s) presents the response of the pumping unit driven by a
VED in the variable head (pressure) regime, by a reference head step from 68 m to 70 m,
occurring in the fourth second. In the ninth second, the proposed control strategy gives the
order to stop the pump operation.
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In Figure 12, it can be seen that the developed strategy for controlling the pump
to various heads (pressures) makes the pump pressure reach its reference with a small
overshoot (MP =7.0261%) occurring at the peak time Tp = 1.5377 s after the step, with a
settling time Ts = 2.1090 s (1% criterium) and a rise time of Tr = 1.0084 s (the time for the
output to reach from 5% to 95% of the reference).
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675 | T MP = 7.0261% at Tp=1.5377 5| T
| [|==r= Ts=2.1090 s
67 | : : — == Tr=1.0084s .
| R
66.5 | | i 7
| | i
66 | | | il 1l 1l | | | | |

o
-
(S
w
IS

5 4] 7 8 9 0 11 12
Time [s]

Figure 12. Response of the pumping head during the operation of the centrifugal pump at variable
pumping head.

Figure 13a presents how the actual speed of the induction motor tracks the reference
pump head (pressure) expressed in the motor’s speed.

Figure 13b presents the pump head reference expressed in electromechanical torque,
the actual electromechanical torque and the load (pump) torque.

Figure 13c shows the three phases of voltage from the power grid being held constant.

In Figure 13d, it can be seen the current variation of the three phases supplying the
induction motor during the variable pumping head control strategy.

Figure 13e depicts the electrical power absorbed from the power grid, the motor
electromechanical power, the mechanical (rotational) power provided by the motor and
the pump’s shaft mechanical (rotational) power. During the power transition of the induc-
tion motor, the absorbed power from the grid will not exceed the nominal power of the
motor. The fluctuations of the absorbed power do not exceed 1% (accepted by most of the
power grids).

In Figure 13f, it can be seen the pump discharge (flow) variation during the variable
pumping head control strategy.
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Figure 13. Responses during the operation of the centrifugal pump at variable pumping head:

(a) Induction motor and pump speed; (b) Induction motor and pump torques; (c) Voltages of the

3 phases supplying the induction motor; (d) Currents of the 3 phases supplying the induction motor;

(e) Induction motor and pump powers; (f) Pump discharge.

4.4. Response Response of the Adaptive Control Strategy Operating the Centrifugal Pump at
Variable Available Power (Tracking a Fluctuating and Intermittent Power Source)

The last simulation (9 s) presents the response of the pumping unit driven by a VFD,
in the variable power mode, by a reference power step from 22 kW to 25 kW, occurring in
the first second. In the sixth second, the proposed control strategy gives the order to stop

the pump operation.
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Figure 14 depicts the electrical power absorbed from the power grid, the electrome-
chanical motor power, the mechanical (rotational) power provided by the motor and the
pump’s shaft mechanical (rotational) power.
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Figure 14. Response of the induction motor and pump powers during the operation of the centrifugal
pump at variable available power.

Figure 15a presents the actual speed of the induction motor and the reference power
expressed in the motor’s speed. The fluctuations of the induction motor’s speed are a
maximum of 1.5%.

Figure 15b presents the induction motor power reference expressed in electromechani-
cal torque, the actual electromechanical torque and the pump torque.

Figure 15¢ shows the three phases of voltage from the power grid being held constant.

In Figure 15d, the current variation of the three phases supplying the induction motor
during the variable available power control strategy can be seen.

In Figure 15e, the pump discharge (flow) variation during the variable available power
control strategy can be seen.

In Figure 15f, the pressure (pumping head) variation during the variable available
power control strategy can be seen. According to Figure 15f, it can be seen that during
both the power step from 22 kW to 25 kW occurring in the first second and the stopping
order from the sixth second, no over or under pressure occurring that could lead to water
hammer or cavitation in the pump [23,24].
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Figure 15. Responses during the operation of the centrifugal pump at variable available power:

(a) Induction motor and pump speed; (b) Induction motor and pump torques; (c) Voltages of the

3 phases supplying the induction motor; (d) Currents of the 3 phases supplying the induction motor;
(e) Pump discharge; (f) Pumping head.

5. Conclusions

The current paper proposes a nonlinear mathematical model and an adaptive control
strategy for operating PS through a VFD at four different regimes without changing the
controller parameters during real-time operation: at variable speed (angular velocity), at
variable discharge (pumping flow), at variable pumping head (pressure) and for tracking a
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variable available power (tracking a fluctuating and intermittent power source such as the
power produced by renewable energy conversion systems [1,4]).

The main contribution of the current work, compared to other related work present-
ing different adaptive control strategies for PS, is that in the current paper, the adaptive
character is not ensured by re-tuning the PI controller parameters as in self-tuning con-
trollers [6,7] or by a reference model [8,9] but by readjusting the control law through a
change in the control-loop depending on the controlled output of the process (pump speed,
pump discharge, pumping head or absorbed power). The deviations of the mentioned
controlled outputs from their referenced values are converted into electrical frequency error
(the deviation of the current value from its reference), which is the regular input to the
already tuned controller; therefore, no controller re-tuning is required.

The personal contribution to the adaptive pumping system control strategy consists
of developing several mathematical equations to obtain the pump discharge (flow) error
(the deviation of the current value from its reference) (Equation (43)), head (pressure) error
(Equation (45)), or absorbed power error (Equation (47)) expressed as a function of electrical
frequency error, which is used to develop this control strategy.

The performance of the proposed adaptive control strategy was determined through
an in-depth analysis of three performance indicators (overshoot, rise time and settling time)
of the pumping system main parameters step responses during four simulations where
the pump is driven at variable speed, variable flow, variable pressure and variable power
pump. The case studies carried out through simulation led to the conclusion that using the
proposed adaptive control strategy ensures good performance. Due to the simplicity and
robustness of using only simple PI controllers for managing several operating regimes, the
proposed adaptive control strategy is recommended for PS configurations with induction
motors driven by VFD with at least one programable PI controller that requires switching
during real-time operation between the four different regimes mentioned earlier (without
changing the controller parameters on-line).

Finally, as for future work, we propose to experimentally validate the nonlinear
mathematical model and adaptive control strategy proposed in the current paper on an
existing pumping system powered by a photovoltaic energy conversion system presented
in reference [10].
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Appendix A
Table A1l. Variable frequency drive technical specifications [11].
Technical Properties Variable Frequency Drive Symbol Unit
Manufacturer Nidec Control Techniques - -
Type F300 - -
Maximum DC voltage 980 V maxVEDdec Vdc
MMP DC voltage range 540-830 VVEDdc Vdc
AC rated power 45 PveD kW
AC rated voltage 400 VVEDac Vac
AC rated frequency 50 fvrD A
AC maximum
continuous current o4 Ivrp A
No-load inverter losses 0.0115 ko -
Linear inverter losses 0.0015 kq -
Joule inverter losses 0.0438 ko -
Table A2. Induction motor technical specifications [17].
Technical Properties Submersible Pump Induction Motor Symbol Unit
Manufacturer Caprari - -
Type MAC625A-8V - -
Nominal Power 18.5 Pivo kW
Nominal Efficiency 83% TIMO Yo
Nominal Frequency 50 fim Hz
Nominal Voltage 400 Vv A%
Nominal Current 40.2 Iim A
Number of poles 2 Poles -
Rotor synchronous speed 3000 wWs rpm
Rotor nominal speed 2875 wy rpm
Rotor operating speed Variable w rpm
Power factor 0.8 cos @ -
Table A3. Variable speed centrifugal pump technical specifications [17].
Properties Value Symbol Unit
Manufacturer Caprari - -
Type E8P95/7ZC - -
Minimum water speed to cool the jacket of the motor 0.5m/s - -
Maximum number of starts in one hour 20 - -
Minimum immersion depth 507.5 mm - -
Pump service flow rate 91.85 m%/h Q m3/h
Submersible pump service head 78.12m H m
Pump rated efficiency 75.63% %
Pump rated hydraulic power 25.84 kW Phydraulic kW
Pump maximum flow rate 169.2 m3/h Qmax m3/h
Pump head at theoretical 0 flow rate 97.35 m Hpnax m
Pump minimum head (at maximum flow rate) 83.29 m min m
Pump efficiency at maximum flow rate 81.5% n Yo
Pump hydraulic power at maximum flow rate 30 kW Ppump m3/h
Consumer pressure 1.5 Hg bar
Well Dynamic head 35.7 Hgwell mca
Water level variation 18.6 Hg mca
Pipe diameter 0.3 Dpipe m
Head-flow 1st coefficient 185.2123 A m
Head-flow 2nd coefficient 0.2608 B h/m?
Head—flow 3rd coefficient —0.0076 C h/m°
Efficiency-flow 1st coefficient 1.8274 D 1/m?2
Efficiency-flow 2nd coefficient —0.104 E 1/m°®
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