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Abstract: This paper focuses on a water pumping system fed by a hybrid (PV–Wind) generator.
The water pumping system uses centrifugal pumps driven by variable speed Induction Motors
(IM) controlled by a Field Oriented Control (FOC). The absence of battery storage to decouple
sources and power demand is the main originality of the contribution, together with the typical
adaptation of the FOC strategy. Furthermore, the absence of battery storage will consequently lead
to fixing the system operating point at a steady state which is imposed both by the intermittent
renewable energy sources and by the hydraulic load characteristics. The basic idea is then to adapt
the system impedance by using the two degrees of freedom offered by the power source inverter in
order to control, firstly, the DC bus voltage and, secondly, the rotor flux of the induction machine;
the adaptation of the FOC strategy is based on this idea. Simulation results clearly confirmed by
experimental investigations show the satisfying performance of the system even with variable powers
of the intermittent renewable source.

Keywords: renewable source; water pumping; power field oriented control; hydraulic storage;
experimental setup

1. Introduction

Water and electricity are vital for human beings, especially for their socio-economic
development. However, given the changing demographic situation, there has been a
significant increase in demand, varying from one region to another depending on the
migration of people. These two shortcomings are more evident in remote areas, which are
often deprived of electricity and water. The demand for freshwater is forecasted to rise
significantly in the upcoming decades, creating a growing global water shortage challenge.
Currently, water scarcity impacts two-thirds of the world’s population for at least one
month annually [1,2]. Over the past decade, water consumption has surged sixfold, with a
persistent annual growth rate of 1% [3]. In addition, obtaining fresh water in a majority of
communities poses a challenge because of the high salinity levels found in both surface
water and groundwater. Consequently, brackish water must undergo desalination processes
before it becomes suitable for agricultural use. Moreover, water production (desalination)
and pumping demand a huge level of electric energy; these two aspects are then strongly
coupled. Water and energy are deeply linked in different sectors, economic activities and
social measures, defined as the water–energy nexus [4]. In that context, pumping systems
for irrigation or water desalination fed by intermittent renewable energy sources can be
considered an adequate solution in urban and/or rural areas.
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For urban areas, several works are focused on pumping systems powered by renewable
energies. Most of these systems are connected to the utility grid for many advantages and
reasons. When pumping is not required (full tank or low water demand) or contrarily
when the water demand is huge with respect to renewable energy availability, the electric
grid offers a flexible solution to decouple sources and power demand [5,6].

For remote areas, renewable energy sources with wind and/or photovoltaic gener-
ators are often used, especially inside zones where wind and solar resources are widely
existent [7–12]. The complementarity of wind and solar resources coupled in “hybrid
power sources” leads to minimizing the intermittence of the produced electrical power and
makes it easier to supply the water pumping systems.

In that context, hybrid renewable energy sources for water pumping systems are
discussed in much of the research literature in terms of architecture, modeling and control.
The proposed architecture can be classified into single or double stages. In [13], a single
stage is proposed which combines a boost inverter to reduce the PV voltage input. The
speed reference for the outer loop is generated from a modified P&O algorithm. However,
a three-phase LC filter must be added. A single-stage architecture is proposed in [14] with
a PV-fed “reduced switch inverter” involving a four-switch voltage source inverter in order
to reduce both switching losses and system costs. This power supply is adapted for the
speed of the sensorless control of an induction machine driving a water pumping system.

In order to increase the degrees of freedom of these standalone systems, most of
pumping systems use a double-stage architecture. An AC–DC–AC direct-drive power
converter is presented in [10] and is implemented for a wind turbine-fed water pumping
system. The authors have developed a variable “V/f” control of a single-phase pump
to extract water in a wide range of power inputs and operate close to the maximum
electrical power curve of the wind turbine. This control strategy has shown its limits for
low hydraulic power loads. In fact, the required electric power is imposed by the load,
which degrades the MPP (Maximum Power Point) of the wind turbine.

The main power load of the pumping system is the motor pump. Many types of
electric motors are used to drive pumping systems. DC motors have been used first in PV
pumping systems. This choice is naturally attractive, especially for the direct coupling of
DC motors to PV sources. Static and transient performance have been studied in many
works [15–17]. However, AC motor induction motors are now the most exploited machines
in pumping systems, whether powered by conventional or renewable energy sources,
compared with a Brushless DC Motor (BLDCM), Permanent Magnet Synchronous Motor
(PMSM) and Switched Reluctance Motor (SRM) [18]. This choice is due to many advantages
such as good reliability, standardization, being manufactured in large quantities and being
available for a wide range of power. Several research works and architecture designs are
presented for coupling induction motor pumps with renewable energy sources (mainly
wind and/or solar) [19–28]. In order to operate renewable sources at their maximum power
(i.e., in MPP Tracking mode), these systems have to be coupled to a voltage-controlled DC
bus. In classical standalone systems, the DC bus is controlled by a battery storage device
which partly decouples the intermittent power supply and the power demand related to
the pumping system. In that context, a first major idea of the system proposed in this paper
is “to prefer hydraulic storage to replace or at least to minimize electrochemical batteries”
classically used in standalone water pumping systems fed by renewable intermittent power
sources. This proposition leads to decreasing system capital and owning costs by increasing
the system life cycle, given that batteries are generally the most fragile devices inside such
systems.

But in the absence of battery storage, one major issue is related to the DC bus control.
In classical grid-connected solutions, or for the standalone systems equipped with a storage
device, the DC bus voltage is either controlled from the grid or from the storage sub system.
In standalone mode, without an electric storage device, the issue is “how to control the DC
bus voltage, knowing that renewable sources are power (MPPT) controlled”?
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The aim of this paper is then to present a new Field Oriented Control (FOC) for
a pumping system fed by intermittent renewable sources without battery storage. The
structure is organized as follows: Section 2 shows the system architecture, and a steady state
analysis is proposed which is useful in presenting the energy behaviour and the available
degrees of freedom to be exploited for the pumping system management. Then, Section 3
proposes a control strategy to manage the water pumping system fed by intermittent
renewable power sources. The simulation and experimental setup carried out to validate
and test the control is finally presented with corresponding test results which emphasize
both the great correspondence between the simulation and experimental results and the
performance and the efficiency of this original “storageless pumping system”.

2. The “Storageless” Pumping System Structure
2.1. The “Hybrid Pumping System”

The “hybrid pumping system” mainly consists of coupling a hybrid source (coupling
wind turbines and solar PV array) and a water pumping unit. The pumping unit can be
based on a single- or a multi-motor pump. In this paper, only the single configuration is
presented. The hybrid source can be powered by wind and photovoltaic generators coupled
to the DC bus through static converters. The wind generator is a direct-drive technology
based on a multi-pole permanent magnet synchronous generator associated with a PWM
rectifier; the photovoltaic panel is connected to the DC link via a boost DC/DC chopper. To
increase the energy availability, MPPT techniques are used for both sources to maximize
the power transfer. Let us note that while both sources are MPPT controlled, this supposes
that the pumping system is to draw this “given power from sources”. Consequently, all
degrees of freedom offered by the power converters connected to renewable sources are
used for their MPPT control. This principle has been presented in previous works as in [27].
In this paper, we have only considered a “given power source” directly driven by climatic
(wind and solar) conditions. The pumping unit is composed of one induction motor pump
driven by a voltage source inverter. This pump device, presented in Figure 1, is associated
to hydraulic pipes that connect the hydraulic network for irrigation.
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Figure 1. The proposed pumping system.

2.2. Steady State System Analysis

A preliminary qualitative steady state analysis of the overall system operation is
first needed to understand the energy transfers in the system and its input impedance. It
facilitates the conversion system understanding in order to determine the management
of all Degrees of Freedom (DOF), which is really useful for the development of power
management strategies. In order to make easier the qualitative steady state analysis, a
simplified topology only comprising a unique centrifugal pump powered by a DC machine
directly coupled to the bus via a DC–DC buck chopper is shown in Figure 2. In fact,
the actual system consisting of a Field Oriented Controlled induction machine allows for
decoupling the flux and the torque, which makes it quite equivalent to a DC machine for
which the magnetic flux is imposed by a motor inductor while its torque is controlled by
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the induced current. In the same way, to simplify the analysis, losses (resistive effects) in
the system are neglected in that qualitative steady state analysis.
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Figure 2. Schematic diagram of a simplified pumping system with DC motor.

The aim of this qualitative steady state analysis is to clarify the energy transfer between
the successive physical fields crossed in this pumping system (electrical, mechanical, and
hydraulic).

First, the hydraulic load characteristic (pressure Pr vs. volumic flow Q) is considered
as “given” by the hydraulic network impedance. The pressure vs. flow characteristic in
conventional hydraulic networks can be expressed by a quadratic impedance:

Pr = Kh· · ·Q2 (1)

Second, the mechanical–hydraulic power conversion can be “simply” seen as a gyrator
junction transferring mechanical variables (i.e., the torque, Tr) and the rotation speed (Ω)
towards the hydraulic variables (i.e., the pressure Pr and the volumic flow Q):

Tr = Kp· · ·Q (2)

Pr = Kp· · ·Ω (3)

The simplified electromechanical equations of the DC machine are also given by a
gyrator-type expression which couples the electromotive force (emf: E) with the rotor speed
(Ω) and the current (Im) with the motor torque (Tm). In asteady state, if the electric losses
(due to motor resistance) are neglected, the motor voltage (Vm) if close to the emf E:

Tm = ∅· · · Im (4)

E = ∅· · ·Ω ≈ Vm (5)

where the gyrator ratio (∅) represents the flux factor of the DC machine.
Finally, the DC–DC buck chopper is controlled by a duty cycle noted “α”. If we neglect

conversion losses, we can deduce the electric equations in the DC–DC converter.

Vm = α· · ·Vdc (6)

Idc = α· · · Im (7)

By considering the two cascaded gyrators (Equations (2)–(5)) and the buck chopper
(Equations (6)–(7)) association we can derive the input output transfer equations:

Vdc =
∅

α· Kp
· Pr =

∅· Kh
α· Kp

· Q2 (8)

Q =
∅

α· Kp
· Idc (9)
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Thus, according to the above equations, the system impedance is derived (10):

Vdc =

(
∅

α· Kp

)3
· Kh · I2

dc (10)

The electric load characteristic seen from the DC bus involving the DC–DC chopper,
the motor pump and the hydraulic load takes a quadratic form that depends on the duty
cycle “α”, which thus constitutes the DOF for controlling this system.

However, the operation of the “storageless” pumping system with both wind and
solar power strongly differs from a conventional decoupled system that operates with
batteries. Indeed, for battery-based systems, the power management optimizes energy
efficiency (at least when the battery is properly charged). This control mode is quite similar
to the one obtained with a traditional grid-connected source with quasi “infinite” power.

Contrarily, in our “storageless” case, the electric power delivered by the hybrid re-
newable sources operating in MPPT mode is fully transmitted (excluding losses) through
the static converter to the pump unit via the DC bus. In this particular case, the power
consumption is imposed (locked) by the hybrid sources given the hydraulic load character-
istic, which here is the quadratic impedance of Equation (10). In that case, the hydraulic
characteristic derived in Equation (1) has a quadratic shape as illustrated in Figure 3 (right
part). Thus, given the renewable source power (Pdc), the intersection between the source
(blue line in Figure 3—right part) and the load characteristic (red line in Figure 3—right
part) constitute the unique operating point in the hydraulic plan (i.e., the Pr,Q plan), which
is locked at a single operating point imposed at the curve crossing.

Energies 2023, 16, x FOR PEER REVIEW  5  of  18 
 

 

Vdc =
∅

𝛼 ൉  𝐾𝑝
 

 ൉  𝑃௥ ൌ
∅ ൉  𝐾௛
𝛼 ൉  𝐾௣ 

 ൉  𝑄ଶ  (8)

𝑄 ൌ
∅

𝛼 ൉  𝐾௣ 
 ൉  𝐼ௗ௖  (9)

Thus, according to the above equations, the system impedance is derived (10): 

𝑉ௗ௖ ൌ ቆ
∅

𝛼 ൉  𝐾௣
ቇ
ଷ

 ൉  𝐾௛
 

 ൉  𝐼ௗ௖
ଶ   (10)

The electric load characteristic seen from the DC bus involving the DC–DC chopper, 

the motor pump and the hydraulic load takes a quadratic form that depends on the duty 

cycle “α”, which thus constitutes the DOF for controlling this system.   

However, the operation of the “storageless” pumping system with both wind and 

solar power strongly differs  from a conventional decoupled  system  that operates with 

batteries. Indeed, for battery-based systems, the power management optimizes energy ef-

ficiency (at least when the battery is properly charged). This control mode is quite similar 

to the one obtained with a traditional grid-connected source with quasi “infinite” power. 

Contrarily, in our “storageless” case, the electric power delivered by the hybrid re-

newable sources operating in MPPT mode is fully transmitted (excluding losses) through 

the static converter to the pump unit via the DC bus. In this particular case, the power 

consumption is imposed (locked) by the hybrid sources given the hydraulic load charac-

teristic, which here is the quadratic impedance of Equation (10). In that case, the hydraulic 

characteristic derived in Equation (1) has a quadratic shape as illustrated in Figure 3 (right 

part). Thus, given the renewable source power (Pdc), the intersection between the source 

(blue line in Figure 3—right part) and the load characteristic (red line in Figure 3—right 

part) constitute the unique operating point in the hydraulic plan (i.e., the Pr,Q plan), which 

is locked at a single operating point imposed at the curve crossing.   

At the system input (DC bus side), Figure 3—left part shows that multiple operating 

points are set by the intersection of the power hyperbola (Idc = Pdc/Vdc; blue curve) given by 

the hybrid power and  the electric characteristics  (red curves)  that depend on  the buck 

converter duty cycle (α) according to the Equation (10). Finally, the control DOF α will be 

used in our original control strategy to set and stabilize the bus voltage by adapting the 

electric equivalent input system impedance derived from Equation (10).   

 

Figure 3. Electric and hydraulic operating point(s) given the input power sources and given the load 

impedance. 

Changing the operation in the hydraulic plan leads to changing the input power (blue 

hyperbola) or the hydraulic load. Then, the original idea is here to exploit the DOF offered 

by the buck converter “α” to control the DC bus voltage while controlling the DC motor 

current. For that purpose, a cascaded current–voltage control can be achieved. 

Based on that simplified analysis and coming back to our case study with an induc-

tion motor pump powered by a voltage source inverter, the vector control of that system 

is quite similar, if a little more complex by reasoning in the Park’s reference frame (d,q). 

Indeed, in that case, two DOFs (αd, αq) are offered by the voltage source inverter, as shown 

Figure 3. Electric and hydraulic operating point(s) given the input power sources and given the load
impedance.

At the system input (DC bus side), Figure 3—left part shows that multiple operating
points are set by the intersection of the power hyperbola (Idc = Pdc/Vdc; blue curve) given
by the hybrid power and the electric characteristics (red curves) that depend on the buck
converter duty cycle (α) according to the Equation (10). Finally, the control DOF α will be
used in our original control strategy to set and stabilize the bus voltage by adapting the
electric equivalent input system impedance derived from Equation (10).

Changing the operation in the hydraulic plan leads to changing the input power (blue
hyperbola) or the hydraulic load. Then, the original idea is here to exploit the DOF offered
by the buck converter “α” to control the DC bus voltage while controlling the DC motor
current. For that purpose, a cascaded current–voltage control can be achieved.

Based on that simplified analysis and coming back to our case study with an induction
motor pump powered by a voltage source inverter, the vector control of that system is quite
similar, if a little more complex by reasoning in the Park’s reference frame (d,q). Indeed, in
that case, two DOFs (αd, αq) are offered by the voltage source inverter, as shown in Figure 4.
Our proposition is to use the first DOF(αd) to set the magnetizing flux in the induction
machine while the second one αq is “free to be exploited” in order to control the DC bus
voltage which must be stabilized to authorize the MPPT mode for both renewable sources.
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Figure 4. “Cooperative inter domain” energy management with control of the DC bus voltage and
flux by the inverter.

3. Design of the Vector Control Strategy

Basically, the classical Field Oriented Control (FOC) applied to a grid connected
pumping system would regulate the flux and the speed or the torque. In the case of a
“storageless” stand alone system when the pumping system power is supplied by the
renewable source operated in MPPT, the produced power is imposed onto the pumping
system. Consequently, given the hydraulic load characteristics it is not possible to freely
regulate the motor torque or the speed. Furthermore, to ensure the good operation of the
MPPT, the DC bus voltage must be as stable as possible. Thus, an improved FOC specially
adapted for a standalone and storageless water pumping system is investigated in this
paper, exploiting the first DOF offered by the voltage source inverter to regulate the flux
along the d-axis and the second DOF to maintain and stabilize the DC bus voltage along
the q-axis. The current reference in the q-axis (Isq_ref ) is set following an external loop for
the DC bus voltage control.

Finally, two control loops are proposed for flux and DC voltage which set both stator
voltages from controllers synthesized from the following state model:

Vsd = Rsr · Isd + σ · Ls ·
dIsd
dt

− Msr · Rr

L2
r

· ϕrd − ωs · Ls · σ · Isq (11)

Vsq = Rsr · Isq + σ · Ls ·
dIsq

dt
+

Msr · ωs

Lr
· ϕrd + ωs · Ls · σ · Isd (12)

where:

Rsr = Rs + Rr ·
(

Msr

Lr

)2
(13)

σ = 1 − M2
sr

Ls · Lr
(14)

The previous Equations (11) and (12) can be written in the following forms:

Vsd = Vsd1 + Ed (15)

Vsq = Vsq1 + Eq (16)

where:
Vsd1 = Rsr · Isd + σ · Ls ·

dIsd
dt

(17)

Vsq1 = Rsr · Isq + σ · Ls ·
dIsq

dt
(18)
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With Ed and Eq being, respectively, the d-axis and q-axis back electromotive force
(EMF), the first order transfer function of the (d,q) currents vs. voltage components can be
presented as follows:

Is(d,q)

Vs1(d,q)
=

1
Rsr

1 + σ · Ls
Rsr

· s
(19)

To control Isd and Isq currents, conventional PI controllers are used to generate appro-
priate signals to the PWM voltage source inverter.

The angle position is estimated using the back EMF expressed in the (d, q) reference
frame from the rotor flux amplitude ϕr:

Ed =
1

1 + σr
· dϕr

dt
(20)

Eq =
1

1 + σr
· ωs · ϕr (21)

where:
σr =

Msr

Lr
(22)

From (22) the stator angular frequency ωs can be determined from the emf in the
q-axis:

ωs =
1 + σr

ϕr
· Eq (23)

The rotor field position is then calculated by integrating ωs.
It can be noted the control strategy performance is strongly dependent on the angular

position measure or estimator based, in our case, on the Back EMF technique. Model
Reference Adaptative System (MRAS) technique can also be used for that purpose.

The rotor flux estimated using the following expression is regulated by means of a PI
controller.

ϕr =
Msr

1 + τr · s
· Isd (24)

where:
τr =

Lr

Rr
(25)

DC Voltage Bus Control

In order to couple the hybrid power source and the pumping unit, it is required to
stabilize the bus voltage through a link capacitor (Cbus) between the source and the inverter.
The DC bus voltage (Vdc) must be maintained constantly whatever the power transfer in
the DC bus. The current balance in the DC bus is given by the following equation:

Idc = Ie + Ic (26)

The basic idea in order to control the DC bus voltage is to keep the power balance at
the input/output of the inverter:

Vdc.Ie = Vsd.Isd + Vsq.Isq (27)

In a steady state and by neglecting the voltage drop due to stator resistance in the IM,
Equation (27) becomes:

Vdc.Ie = Ed.Isd + Eq.Isq (28)

The transfer model between the DC bus capacitor and the q-axis induction machine
current (i.e., the “torque current”) is represented by the diagram shown in Figure 5.
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Figure 5. Block diagram of the DC bus vs the torque current.

From the previous equations and the block diagram and by considering that the motor
current loop dynamic is faster than the bus voltage dynamic, the cascaded control structure
of Figure 6 is proposed.
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Figure 6. DC bus voltage control loop.

Figure 7 shows the block diagram of the FOC strategy applied to the voltage source
inverter:
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A typical application of this improved control strategy is a solar PV pumping system
where the DC–DC converter can be removed. Therefore, the PV power source can directly
supply the induction motor pump through the voltage source inverter. The reference of the
DC voltage control loop is thoughtfully selected in order to operate the PV source in MPPT
mode.

In addition, this kind of system can be easily integrated into DC microgrids where
pumping system is directly power controlled depending on the energy management system.
In fact, when the DC bus voltage is considered as constant in DC microgrids the external
loop may be dedicated to power control, as shown in Figure 8.
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4. Simulations, Experimental Setup and Validation Results

In this section, both simulation and experimental results are presented.
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4.1. Simulation Results

Simulations of the proposed control strategies are conducted by using 20-sim soft-
ware [29] based on bond graph modeling. The details of the modeling of different elements
of the power conversion chain (from the source to the hydro mechanical load) are pre-
sented in previous works [27,28]. The DC bus capacitor is pre-charged to 250 V. In order to
previously simplify the analysis, we have chosen to operate the PV generator at constant
power and the wind turbine generator at variable wind to highlight the dynamic perfor-
mance. In this study, the authors investigate the impact of the produced power of a hybrid
wind–photovoltaic source as an intermittent power source to feed a water pumping system.
Nevertheless, as wind speed fluctuations might happen more quickly than the shading
effects felt by solar systems, we have chosen a variable wind and a constant irradiation for
the hybrid PV–wind emulator in order to evaluate the effectiveness of the control system
built. The wind model is function of time as determined by the sum of several harmonics
given in Equation (29):

Vwind = A0 +
n

∑
i=1

(ai.sin(bi.ωv.t)) (29)

The simulation results show the dynamics and the performance of the designed control
strategy. Figure 9 shows the proposed wind profile imposed on the wind turbine. The
DC power (Pdc) and current (Idc), as well as the DC voltage (Vdc) controlled by the FOC
strategy are depicted in Figure 10. As shown in this figure, the DC power follows the wind
variations. However, the input power variation is filtered by the large inertia of the wind
turbine. The DC voltage is kept constant by the FOC Controller and set to the reference
(Vdc

ref = 300 V).
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Figure 9. Wind speed profile.

Given the hydraulic load, the electric power variations in the DC bus are transmitted
to the hydraulic part of the system, as shown in Figure 11. The hydraulic power variations
are smoothed due to the mechanical and hydraulic inertia. Figure 12 shows the evolution
of the global efficiency according to the DC bus power variation given the hydraulic load:
note that the latter is a consequence of this particular management strategy set without
battery storage.

The produced power from the hybrid renewable sources is maximized thanks to both
MPPT algorithms, while the motor pump efficiency depends on both the power levels
derived from the sources and the hydraulic load characteristic emphasized in Figure 12. The
main drawback of that “storageless topology” is that the system efficiency is a consequence
of the forced operating point and can be degraded under certain conditions, especially
when the source and hydraulic load characteristics are not well adapted. One solution,
studied in [30], is to consider a multi-pump system which offers the capability of switching
ON/OFF some of these pumps depending on the power level provided by the renewable
sources. In [31] this same idea is applied to a two-pump system, a first for water pumping
and a second (a high-pressure pump) for reverse osmosis desalination. A fuzzy logic-based
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energy management system is proposed to optimize the system efficiency regardless of the
power provided by the renewable sources.
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Figure 11. Hydraulic power, pressure and water flow according to DC power variations.
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Figure 12. Global efficiency variations.

The motor magnetic flux level is controlled by the PI controller and regulated to its
rated value. Thus, the power flow from the DC bus to the motor pump is controlled through
the torque current that regulates Vdc.

4.2. Experimental Setup

The experimental setup shown in Figures 13 and 14 is composed of a programmable
DC power source (DLM 4 kW from Sorensen) that emulates the hybrid renewable power
sources. It also integrates a voltage source inverter (Semikron 20 kVA), a three-phase
centrifugal motor pump (DAB 750 W) whose parameters are shown in Appendix A, a Dspic
microcontroller which encloses the FOC, and an electronic card generating the DC current
reference [30].
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Figure 13. The experimental water pumping system without battery storage.

The target control board for the digital implementation of the FOC is an “explorer
16” board from a microchip. Three Hall Effect current sensors (LEM LTS-25nP) are used
to measure two stator currents of the induction motor and DC bus current produced by
the programmable power supply. One Hall Effect voltage sensor (LEM LV-25P) is used to
measure the DC bus voltage. An acquisition card NI-DAQ 6008 from national instruments
is used to measure and save data on the DC bus current, DC bus voltage, hydraulic pressure
and water flow.

The proposed control strategy was implemented using a digital control system based
on a DSPic 33FJ256MC710 microcontroller. This microcontroller has a high-performance
16-bit central processing unit (40 MIPS) and peripherals that are particularly suitable for
motor control applications.

Four analog quantities acquisition has been implemented by using the internal analog–
digital (A/D) converter, two stator currents of the induction machine, DC bus current (Idc)
and DC bus voltage (Vdc).
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The interruption of the A/D converter is executed every 62.5 µs and is triggered every
PWM period (the switching frequency of the PWM is set at 16 kHz). The conversion result
is transferred and stored in DMA buffer (direct memory access). The synchronization of the
different control blocks is made through the interrupt mechanism. It generates the instants
and the order execution of the various modules. This order must take into account the
speed of the internal and external loops of the FOC.

The current (Isd, Isq) loop bandwidth is chosen at 5 kHz. The DC voltage loop
bandwidth is chosen as 500 Hz.

4.3. Experimental Results and Discussions

The wind profile of Figure 9 is tested by a simulation on a 1 kW wind turbine generator
with the architecture presented in Figure 1. The PV generator power is considered as
constant. From this simulation, the variable DC current Idc is converted in digital data
format to emulate the intermittent source behavior by setting it as an input to the control
card. In this way, the adequate analog reference Idc is generated to the programmable
power supply.

The current profile will be active only if the power supply operates as a current source.
From this device, the operation of a wind turbine submitted to variable wind and constant
PV produced power coupled to the DC bus is then emulated. The emulation process from
experimental device is presented in Figure 15.
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Initially, before starting the FOC software, the programmable power supply works as
a voltage source. The source voltage and current limits are also initialized.

The voltage provided by the programmable source is set to an initial value of 320 V.
At the initial instant t = 0 s, the FOC program is started: in this case, only the rotor flux and
the current torque “Isq” are controlled. At the instant t1 = 52 s, as displayed in Figure 15,
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the DC voltage external loop regulation is started and set to a reference of 300 V (bus
voltage-controlled mode). The power supply is then switched to a controlled current mode.
The generated current profile is here constant and equal to 1.5 A. Both the bus voltage and
the torque current converge to their references. Thus, the motor pump is also controlled at
a constant power.

From the dedicated card, the generation profile is started from t2 = 135 s involving
variable powers which emulate the wind turbine operation.

The electrical and hydraulic variables are stored on a time horizon of 600 s (10 min) to
fully assess the test cycle.

Figure 16 shows the good performance of the DC bus voltage control Vdc from the
FOC strategy for variable DC power. Note that from t1 to 600 s, the DC power Pdc varies
according to the reference generated by the card generation. From t2, the programmable
power supply operates as a hybrid renewable source emulator. The power produced is
then variable.

Energies 2023, 16, x FOR PEER REVIEW  14  of  18 
 

 

 

Figure 16. Input power, current and voltage in the DC bus. 

Figure 17 confirms  that, given  the hydraulic  load,  the pressure and flow variables 

follow the variations of the DC bus power Pdc. It can be remarked that the experimental 

transient behavior is fully in accordance with the corresponding simulation results pre-

sented in Figure 10, which validates both the theoretical vision in terms of power manage-

ment and the transient model of the water pumping unit used in the FOC strategy. Some 

slight differences can be observed on the volumic flow variations (Q) between simulations 

of Figure 10 and  experiments of Figure 17, but  these  shapes are qualitatively  in good 

agreement. The same remark can be made on the system efficiency, which is very close, 

by comparing the simulation of Figure 12 with the global system efficiency obtained from 

the experiments and shown in Figure 17. The derivation of the experimental efficiency is 

obtained from the ratio between the hydraulic vs. the DC bus powers. 

 

Figure 17. Hydraulic power, pressure and water flow according to DC power variations. 

t1 t2

P
bu

s
(W

)
I b

us
(A

)
V

bu
s
(V

)

0 100 200 300 400 500 600
0

200

400

600

0 100 200 300 400 500 600
0

1

2

0 100 200 300 400 500 600
200

250

300

350

P
dc

(W
)

I d
c
(A

)
V

dc
(V

)

0 100 200 300 400 500 600
0

50

100

150

200

0 100 200 300 400 500 600
0

0.5

1

1.5

0 100 200 300 400 500 600
0

50

100

Time (s)

H
yd

ra
u

lic
P

ow
er

 (
W

)
P

re
ss

u
re

 (B
ar

)
F

lo
w

 (L
/m

in
)

P
r
(B

ar
)

P
hy

d
(W

)
Q

(l
/m

in
)

Figure 16. Input power, current and voltage in the DC bus.

Figure 17 confirms that, given the hydraulic load, the pressure and flow variables
follow the variations of the DC bus power Pdc. It can be remarked that the experimen-
tal transient behavior is fully in accordance with the corresponding simulation results
presented in Figure 10, which validates both the theoretical vision in terms of power man-
agement and the transient model of the water pumping unit used in the FOC strategy.
Some slight differences can be observed on the volumic flow variations (Q) between simu-
lations of Figure 10 and experiments of Figure 17, but these shapes are qualitatively in good
agreement. The same remark can be made on the system efficiency, which is very close,
by comparing the simulation of Figure 12 with the global system efficiency obtained from
the experiments and shown in Figure 17. The derivation of the experimental efficiency is
obtained from the ratio between the hydraulic vs. the DC bus powers.

In this particular case, given the input power range and the hydraulic load character-
istics, the system efficiency is slightly variable and remains constantly correct when the
DC bus power Pdc is varied due to the variable winds. Figure 18, in which the simulation
of Figure 12 is repeated, allows us to emphasize the accordance between simulation and
experimental results, giving confidence to the system modelling.
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Figure 17. Hydraulic power, pressure and water flow according to DC power variations.
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Figure 18. Global efficiency variation. Left, for experiments; right, for simulation results.

5. Conclusions

An original “storageless stand-alone pumping structure” has been proposed which
consists of removing the battery storage “preferring storing water than ions in an electro-
chemical storage”. This original proposition aims to avoid battery costs for both investment
and operation (battery replacements due to ageing). However, as analyzed in Section 2,
removing the storage device imposes the operating point of the pumping system given the
source power itself imposed by the environment (solar and wind) conditions and given the
hydraulic characteristics. The system efficiency is then a consequence of this “imposed op-
erating point”. Adding a storage device allows the decoupling of the source and hydraulic
network and managing the pumping system operating point and its efficiency. Thus, a
techno-economic trade-off must be performed, which constitutes a major prospect of that
study.

In order to support this typical storageless structure, an adaptation of the classical
FOC has been proposed for the pumping unit involving a voltage source inverter feeding
an induction motor. Based on the two degrees of freedom offered by the voltage source
inverter supplying the motor pump, the FOC is adapted from classical vector control
principles: the motor currents are controlled in the Park’s reference frame (d,q) oriented
along the rotor flux for the classical rotor field-oriented control. As for the classical FOC,
the first degree of freedom is used for the regulation of the rotor flux according to the d-axis.
However, the control on the q-axis is far from being classical: the hydraulic operating
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point being locked at the intersection of the power provided by the renewable sources and
the hydraulic load impedance, the second degree of freedom on the q-axis is exploited
to achieve the regulation of the DC bus voltage. A cascaded bus voltage/current control
structure is added, setting the q-axis current in an inner control loop. Stabilizing the DC
bus control from the field-oriented controlled pump unit allows operating both renewable
(PV and wind) sources in MPPT mode.

This typical FOC has been tested by simulation and implemented experimentally.
Solar PV and wind turbine operation at variable power has been emulated from a pro-
grammable DC power source. Simulation analyses are confirmed by experimental results,
demonstrating the validity of the theoretical assessments and the control strategy. The
global performance of the pumping system is very close between the simulations and
experiments and proves the relevance of this particular “storageless structure”.

It should also be pointed out that the system efficiency performance of this particu-
lar structure (without decoupling between power production and load demand) can be
degraded following the adaptation quality of the hydraulic load with the input power
range. Indeed, it has been shown in previous works [27] that the global efficiency strongly
depends on the hydraulic load characteristics and also on the level of the input power. This
is a typical consequence of this original “storageless standalone pumping structure”. As a
solution, it has been shown in [27,31] that exploiting system modularity should be relevant
by using several pumps which would operate sequentially according to the input power
range with better efficiencies. Consequently, for this typical pumping system as presented
in Figure 1, using N motor pumps will increase the number of DOFs, one DOF would
be dedicated to the DC bus voltage regulation of the first motor pump, while the (N-1)
remaining DOFs may be exploited to optimize the power management of the overall system.
A typical application of the modularity in offline optimization is presented in [28]. One
challenge in future works is to search for optimized online power management strategies.
This idea was proposed through fuzzy control in [32] and will be compared with neural or
MPC strategies in current and future works.
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Nomenclature

Rs Stator resistance
Rr Rotor resistance
Ls Stator inductance
Lr Rotor inductance
Msr Mutual inductance
Rsr Stator rotor equivalent resistance
ωs Stator angular frequency
σ Blondel coefficient
Vsd, Vsq Stator voltage components in dq reference frame
Isd, Isq Stator current components in dq reference frame
Ed, Eq back electromotive force (EMF) components in dq reference frame
φr, φrd, φrq Rotor flux vector and its components in dq reference frame
τr Rotor time constant
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Idc DC current in the DC bus
Ie Inverter DC input current
Ic Current in DC bus capacitor
Vdc DC bus voltage

Appendix A

Table A1. Induction motor parameters.

Specification Parameters

Power 750 W Rs 7.5 Ω
Voltage 230 V Rr 11 Ω
Current 4.3 A Ls 0.484 H
Frequency 50 Hz Lr 0.484 H
Pole pairs 1 Msr 0.46 H
Speed 2980 rpm Rsr 17.436 Ω

σ 0.0967
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