International Journal of Computational and Experimental IJEE_SF&

Science and ENgineering B o
(IJCESEN) i
Vol. 12-No.3 (2026) pp. 167-176 |

http://www.ijcesen.com .
D | ISSN: 2149-0144

Copyright © IJCESEN
Research Article

Multi-Phase Linear Induction Motor-Driven Reciprocating Pump for Advanced
Photovoltaic System

Ouahid Bouakaz!*, Ali Bouhafs?, Sebti Belkacem?3, Laid Khettache*

! Department of Electrical Engineering, Faculty of Applied Sciences Kasdi Merbah Ouargla University, Algeria.
* Corresponding Author Email: bouakaz.ouahid @univ-ouargla.dz - ORCID: 0009-0003-0576-3947

2 Department of Electrical Engineering, Faculty of Applied Sciences Kasdi Merbah Ouargla University, Algeria.
Email: bouhafs.ali@univ-ouargla.dz- ORCID: 0000-0001-9770-1839

3 Department of Electrical Engineering, Faculty of of Technology, University of Batna-2, Fésdis, Algeria.
Email: kbelkacem_sebti@yahoo.fr- ORCID: 0009-0009-1007-0524

4 Department of Electrical Engineering, Faculty of Applied Sciences Kasdi Merbah Ouargla University, Algeria.
Email: khettache.laid@univ-ouargla.dz- ORCID 0000-0002-3388-3669

Article Info: Abstract:
DOI: 10.22399/ijcesen.5383
Received : 10 December 2025
Revised : 25 March 2026
Accepted : 15 May 2026

This paper presents a novel design aimed at enhancing the efficiency and performance
of photovoltaic (PV)-water pumping systems by integrating a reciprocating pump
powered by a six-phase linear induction motor (6PLIM). The proposed motor offers
greater flexibility in controlling the pump's movement, allowing for precise adjustments
of flow rates and pressure levels. Furthermore, the implementation of the Perturb and
Observe (P&O) Maximum Power Point Tracking (MPPT) method is necessary to
maximize the output power of the PV system. The main objective of this study is to
examine and evaluate the combination of the six-phase-LIM and the reciprocating pump
integrated into a solar water pumping system. However, the major drawback of the
linear rotor is the presence of the end-effect phenomenon, which increases the
complexity of modeling and makes control difficult. To overcome this issue, a Field-
Oriented Control (FOC) technique is suggested to achieve better efficiency and control
flexibility of the motor. The accuracy of our proposed model is checked and validated
using the Matlab/Simulink. The simulation results demonstrate that the combination of
6PLIMs with reciprocating pumps offers several advantages over traditional rotary
motor-centrifugal pumps.
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1. Introduction literature [3]. Studies [4] have concluded that the

P&O method is the most commonly used technique

In the agricultural irrigation field, especially in
remote areas, most farmers depend on either
conventional grid electricity or diesel engines to
power their water-pumping systems [1-2].
However, using diesel-based systems causes noise
and air pollution and relies on expensive fuel. At
present, the photovoltaic water pumping system
offers many advantages over traditional electric or
diesel pumps, including cost-effectiveness and
environmental friendliness. However, this limits
their operational efficiency. Consequently, a
maximum power point tracking (MPPT) technique
should be implemented to maximize the power
output of a solar PV system. There are different
parameters and methods for MPPT discussed in

in practice due to its simplicity and low-cost device
requirements. Furthermore, the P&O method
demonstrates superior maximum power point
(MPP) tracking performance compared to other
techniques. The literature also addresses different
types of pumps, which are typically categorized
into two groups based on their operating principle:
dynamic pumps and positive displacement pumps.
Positive displacement pumps are utilized in
applications that require a constant discharge speed,
low flow rates, or high heads. Generally, these
pumps are larger in size than dynamic pumps with
the same capacity. As the name suggests, a
reciprocating pump converts mechanical energy
into pressure by using a reciprocating piston or
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plunger. During the suction phase, it draws water
into a cylinder and during the discharge phase, it
displaces the water with the force of the piston [5].
On the other hand, a six-phase induction motor
consists of two sets of the stator windings placed
around the stator core with a phase shift of 30
degree. This structure aims to improve
performance, efficiency, and control compared to
traditional three-phase motors. Besides, six-phase
induction motors require a specialized power
supply capable of delivering six-phase AC voltage
to the stator windings. This power supply can be
achieved by using multiple inverters or specialized
transformers to create the required phase shift [6-7].
The rotor of a six-phase linear induction motor
(6PLIM) is typically a solid conducting plate or
strip that is mounted or placed close to the stator.
Unlike traditional rotary motors with a rotating
rotor, the rotor of a 6PLIM is usually made from
materials like aluminium or copper for good
electrical conductivity and mechanical strength.
However, a major drawback of the linear induction
motor (LIM) is the end effect phenomenon that
occurs due to the motor's physical structure
terminating [8]. This leads to magnetic field
distortion at the ends of the motor's primary
(stator). Addressing the end effect phenomenon is
crucial for optimizing the performance and
efficiency of linear induction motors. Various
design techniques, optimization strategies, and
control algorithms can be used to mitigate the
effects of the end effect and enhance the overall
performance of 6PLIMs in practical applications.
However, controlling and operating linear induction
motors pose a significant challenge with the Field-
Oriented Control (FOC) technique. Theoretically,
FOC aims to make the behavior of a linear
induction motor similar to that of a DC motor. This
can be achieved by aligning the motor flux with the
d-axis (rotor flux) and adjusting the stator currents
of the d- and g-axes to control the flux and force,
respectively [9-12]. Furthermore, FOC typically
improves efficiency, dynamic performance, and
control flexibility. The main contributions of this
study are as follows:

The Section |1 presents and describes the modeling
of the PV system in detail, including the P&O-
MPPT algorithm. In Section Ill, identifies an
equivalent circuit of a 6PLIM by considering the
end effect and modeling of the Field-Oriented
Control (FOC) scheme. The Section IV provides a
detailed mathematical formula for the single-acting
reciprocating pump. The simulation results of the
proposed approach are presented in Section V.
Finally, Section VI concludes the paper.

1. Model Of Pv Cells and MPPT Strategy
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The electrical behavior of photovoltaic (PV) cells is
often described using mathematical formulas in
their modeling. A widely used model is the single-
diode model, which represents a PV cell using a
simple equivalent circuit, as depicted in Figure.l.
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Figure 1. Equivalent circuit of Photovoltaic cells
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The current voltage (I V) characteristics of a solar
cell are described by the following’s equations:

Ipv = ph — ID - ISH [1)
Rs.Ipy+Vpy
Iy = Loy — 1 [exp (P22 _ ]
RsIpy+Vpy (2)
— ety
T sh
V, = Ns.r;. . (3)
Rs.Ipy+Vpy
) -
Rs.Ipy+Vpy )
Isn=0CF )
sh
Iph = Nplph—cellandIS = NPIS_CeH (5)

Implementing strategies for maximum power point
tracking (MPPT) is crucial for enhancing the power
output of a panel system. Figure.2 displays a
flowchart illustrating the perturbation and
observation (P&O) algorithm.

In this approach the controller adjusts the operating
point by making changes to either the voltage or
current of the system increasing or decreasing them
accordingly. Subsequently it compares the power
output post adjustment with that at the operating
point. If there’s an increase, in power it continues
adjusting in that direction; otherwise, it changes
course. This cycle repeats until reaching a
predefined stopping condition [13-14].

2. Motor And Control Strategy
2.1. Model of Six-Phase LIM

In a six-phase induction motor there are usually two
groups of stator windings; stator 1 and stator 2 each
comprising three phases. These windings are
arranged around the stator core with a 30-degree
phase difference, in terms of angles. The
complexity of the 6PLIM is due to the presence of
six windings in the stator, which requires the park
transformation into d-q synchronous form. The
mutual coupling between the two sets of stator
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windings is neglected. Based on Duncan's approach
[16], the proposed equivalent circuit model of the
6LIM, considering the phenomenon of end-effect,
is illustrated in Figure.3.As depicted in Fig.3, the
equivalent circuit of the 6PLIM can be divided into
two parts. The first part is independent of the end-
effects and represents the g-axis equivalent circuit
of the induction motor. The second part is
influenced by these effects and represents the d-
axis, where the parameters have the end-
effects,[17].

In [16], [18], Q is a significant parameter utilized
to describe the end-effects phenomenon.

D.Ry
Q= (Lir +Lm)v (6)

The three-phase magnetizing inductance, which
is dependent on Q, can be defined as:
Am = Lm[1 - f(Q)]
where:
1-e7¢

(7)
f@ =

(8)
Q
Considering the losses caused by eddy currents, a
resistance appears in the transverse branch. This
resistance, denoted as R,, can be calculated as
follows:

R. = R.f(Q) 9
The voltage and linkage flux equations of the
6PLIM in the synchronously rotating frame for the
circuits mentioned above are expressed as follows:

¢qs1
Vqsl - Rsllqsl +

ws¢dsl

¢qsz
Vqsz - Rszlqsz +—=

wsd)dsz

0 = Ryig + er(Q)(Ldr +igs + idsz) + d
. ¢ r

0= erqr T+ WsiPar

(10)

Pas1 = Lisrlass + Lm(l - f(Q))(idsl +las2 + iar)
$gs1 = Lisiigs1 + Lm(iqsl +igs2 + iqr)
J Pasz = Liszlasz + Lm(l - f(Q))(idsz +lgs1 + iar)
$gs2 = Liszigs2 + Lm(iqsz +igs1 + iqr)
Gar = Lirigr + Ln(1 = £(Q)) (igr + igs1 + las2)
\Pgr = Liylgr + Lin (iqr +igs1 + iqsz)

(11)

The primary angular frequency was determined by
adding the secondary angular speed to the slip
frequency. This will give us:
Ws = Wy t+ Wy (12)
The transformation of the angular speed of the
6PLIM to a linear speed is given by
v="0,

With 7,,: is the pole pitch

(13)

; : . d¢
Vas2 = Rgplgsy + er(Q)(ldsz +iger +igr) + % _
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In this study, the pump was directly connected to
the linear motor, and the gearbox was neglected.
The dynamic equation of the six-phase linear
induction motor (6PLIM) is expressed as: [19]
Miv+Bv=F—F (14)
The electromagnetic force F. applied by the
motor is defined as:

e = 23: Z((;bdr qr d)qridr) (15)
and
= 3T[ me(l f(Q)) ((»bdrlqs ¢qrids)

€ ZTp 2 Ly—Limf(Q)
= M—v+Bv+FL
dat

Moreover F_ is the load force caused by the
weight of the lifted water.
F, = Fpump

(16)

(17)

2.2. Field Oriented Vector Control

The basics of Field-Oriented Control (FOC)
revolve around aligning various fields, specifically
the flux, which includes the stator field, rotor field,
and magnetic air gap field. FOC, similar to a
separately excited DC motor, aims to separate the
control of torque and flux in the motor. By aligning
the d-axis with the rotor flux, the control system
can independently regulate the current (Ig) that
generates force along the d-axis and the
magnetizing current (Id) along the g-axis. Figure.4

(Vas1 = Rsaigss + Ref(Q)(igsy + igsz + igr) +—22 %1 — wspresents the dynamic model of FOC applied to the

6PLIM, taking into account the end effect in the
synchronously rotating reference frame [20]. By

ws@pplying the conditions for rotor flux orientation,

the rotor flux aligns with the d-axis of the d-q
reference frame, and the equations for rotor flux

248 _ gupgr CaN be expressed as follows [21]:

¢qr:O

¢, = constant (18)

{d’dr =

By substituting equation.(18) into equation.(10), the
stator voltage and rotor currents are expressed as
follows:
¢r—Lm ids
(ldr -

_ lds1 ‘Hdsz
lds - 2

i —Lm.igs
ar Lir+Lm
= igs1tigs2
qs — 2
Rr Lim dldsl .
Vdsl - (R + R - ) las1 + d)r + L — WsO lgsq

" br

dldsz

(19)

qsl

Vgs1 = Rsigsr + g + wsoLglig61 + ws

A

~ BRI '
Vd52=(R + R, —M)ld52+ L, + ol — W50 g5y

qsz

Vasz = Rsigsp + a + wgolLgize, + a)s L ¢r

(20)
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With Ly =Ly + Ly, [1 - f(Q)]

The coupling voltages are defined by the back
electromotive forces along the d- and g-axes in the
equation provided:

_ Ry * *x '
Eqy = _Ed) r + ws 0 lgs1

_ * . * Zm *
qu =—w saledsl —w sL_¢r

r 21)
ﬁr * * ' (

Eqp = _Ed) r + ws 0 lgs2

j— * 7 * Zm *
qu =—w SJLSldSZ — W ¢r

m
The equation.(22) shows that stator voltages (Vsa1,
Vis2, Vigs1, Vigs2) are directly related to stator currents

/ = Ry.L , di
I(Vdsl = (Rs + Rr - rL_rm) las1 + ULS %
' . rdigs1
VqSl - RSLqSI + g 7 (22)
' PN RrLm\ : di
| Visz = (Rs + R, — rer) lgsy + 0L %
' i rdi
U/qsz = Rsiqsz t+o %
Ls Lls + l:m (23)
{a =1- LLi"
stm
(24)
. Ly
7= (Lls + Lm) (Llr+Lm)

In a more detailed model, the final expression of
the component references of slip speed ws/ and the
electromagnetic force can be expressed as:

« _  Relp

st = et e (igs1 + igs2) (25)
(F = Kg.igs
_ 37 pLn(1-£(Q) :
F T 2ty 2 Lyl f(@ T (26)

it = ﬂ Lr—Lmf(Q) Fg
k 95 3mp Lm(1-F(Q)) D

3. Single Acting Reciprocating Pump

Among the types of pumps available, positive
displacement piston pumps, also known as plunger
pumps, were chosen for their excellent performance
in applications that need high pressure and low
flow rates. These pumps consist of a cylinder
housing a reciprocating plunger. During operation,
water enters the pump chamber through a valve
(S1) and is discharged through an outlet valve (D1)
due to the movement of the piston, as shown in
Figure.5 [22]. When connecting the motor to the
pump, the actuator's movement corresponds to the
up and down strokes of the piston. A power
converter must activate the motor's phase windings
in sequence, reversing this sequence each time the
actuator reaches its end positions [23].

The power requirement for an acting reciprocating
pump can be estimated using formulas:

p = Qp-H.p.g

= (27)
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H=H;+Hy (28)

Where Pp is the power required by the pump (W),
H is the total head (m), p is the density of the
pumped liquid (kg/m3), g is the acceleration due to
gravity (approximately 9.81 m/s), and mn is the
overall efficiency of the pump-motor system
(specified in decimal degrees). These formulas
provide an estimate of the power required by the
pump under steady-state conditions, assuming ideal
behavior. The capacity or flow rate (Qp) of a
single-acting reciprocating pump can be calculated
using the following formula [24]:

__ALN

=" (29)
where Qp is the capacity or flow rate (m3/s), A is
the piston area (m2), L is the stroke length (m), and

N is the pump speed (rpm).
4, Simulation Results

In order to verify and validate the proposed
approach, this section carries out a simulation using
MATLAB/Simulink to demonstrate the
performance of the proposed design system. For
this simulation, we utilized the Mega solar USA
Powertec Plus 235-6PH-US with 8 series modules,
1 parallel string, and the P&O MPPT algorithm.
You can find the details in Table.

Table 1. Manufacturer Specifications For A Pv Module
(Megasolar Usa Powertec Plus 235-6ph-Us).

- Pv Parameters Value
! Maximum Power 23541 (W)
Cells per module (Neell) 60
Open circuit voltage Voc 3645 (V)
Short-circuit current Isc 8.37(A)
Voltage at maximum power point 29.5 (V)
Current at maximum power point 7.98 (A)
Shunt resistance Rsh 1259 8 (Q)
Series resistance Rs 0.2852(Q))

Figures 6(a) and 6(b) illustrate the photovoltaic
(PV) output voltage and current, respectively, under
different levels of solar irradiance ranging from
700 W/m? to 1000 W/m?. As observed, the output
voltage of the PV array remains nearly constant at
approximately 250V, whereas the output current
exhibits a significant variation. Specifically, the
current increases from 5.024 A at 700 W/m? to
7.23 A at 1000 W/m?. This behavior confirms the
PV module's expected response to changing
irradiance levels. Figure 6(c) presents the irradiance
profile used in the simulation, with a constant
ambient temperature of 25°C  maintained
throughout the test.To demonstrate the effectiveness of
the proposed FOC control method, the parameters of the
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6PLIM used in this study are summarized in Table.2.

Table 2. Six-Phase Linear Induction Motor Parameters

Parameters Values
Rs 12Q
Rr 24Q
Lls 0.0174H
Llr 0.0043 H
Lm 0.0513 H
Th 0.15m
D 1.31m
p 6

Additionally, the motor was run with a reference
speed (red line) in a periodic square waveform
alternating between approximately 0 and 2.1 rad/s
and a reference flux of 0.8 Wb. An external load
force was applied, indicating that the motor is
coupled to the pump (load pump) (see Fig.7(a and
b)). The tracking performance of the FOC scheme
is evaluated by comparing the actual motor speed
(blue line) with the reference trajectory. The

accurate and rapid tracking. At each transition in
the reference signal, the motor speed follows with
steady-state error remains negligible typically
within +0.01-0.02 rad/s and minor overshoot
typically less than 5%.The rotor flux responses,
depicted in Figure. 8, indicate successful decoupling
between the direct and quadrature components. The
direct rotor flux (¢dr) remains unaffected and is
maintained constant at the reference value of ¢dr = 0.8
Wh, while the quadrature rotor flux (¢qr) is kept at zero
(ogqr = 0 Wh). It is worth mentioning that there are
significant peaks observed when the speed reference
changes.

Figure.9 (a and b) presents the response of the
components of the stator current, id and ig. These
values are obtained by minimizing the error
between the actual and reference values of force
and flux. As shown, the d-axis current (idsl and
ids2) changes from (16.6 A to 12.37 A) due to a
speed reference change, the g-axis current (igsl and
igs2) is only slightly affected and quickly recovers
to its commanded value of (0.04 A). So, the
decoupling between the direct and quadrature stator

Figure.7. (a) indicate that the controller achieves  Current was successfully achieved.
Mleasures
¥ Yes
Yes ‘—W’ o
e . '
Mo Yes i \'l:li*
En._n-,.n ) e
¥ ¥
t Return =-
Figure 2. Flowchart of P&O MPPT aleorvithm f15]
RSZ LISZ Wy d’:l.\'z fi RsZ LlSZ )y ¢q.\'2 i
w b R —M_ g
4 Ry Lisy W Pagy =) L @y Py [ONT P R
_MA_M\——@— Rg Lisy o I aa
bar RAQ — —
VdsZ Vasy ¢ lqsl lqr
Vq"' Vqsl L
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A

d- axis equivalent circuit

q- axis equivalent circuit

Figure 3. Six-phase LIM equivalent electrical circuit taking into account end-effect.
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Figure.11. (a and b) demonstrate the increases in
flow rate (Qp) and power of the pump for different
values of Head (H) and speed. It is evident that the
pump exhibits clear dependence on LIM speed,
with both power and flow rate rising consistently
across the head range as speed increases. The
observed trends validate the coupling of LIM
dynamics with pump performance, highlighting the
feasibility of precise flow and power control via
speed regulation. These results are particularly
relevant in variable-load applications, such as water
distribution, where energy-efficient control is
essential. Figure.10 shows the phase currents (isal
and isa2) in the stator windings of the six-phase
linear induction motor (6PLIM) with an angle a set
to 30°. The waveform symmetry and continuity
demonstrate proper functioning of the six-phase
inverter and stator windings under transient
conditions.

6. Conclusions

This paper demonstrates the benefits of using a
linear induction motor in conjunction with a
reciprocating pump (SAR) to improve photovoltaic
(PV)-water pumping systems. The innovative
system includes a PV array, a boost converter
controlled by an MPPT algorithm (Perturb &
Observe), and the application of field-oriented
control to a six-phase linear induction motor
(6PLIM) coupled with a single-acting reciprocating

pump. Based on our simulation results, the
following conclusions can be drawn:
- Among the investigated PV  pumping

technologies, the configuration that utilizes a water
hydraulic single-action reciprocating pump driven
by a linear induction motor is the most cost-
effective solution.

-The FOC technique proposed in this paper
effectively tracks reference speed with a short
response time and minimal error, even in the
presence of the end-effect phenomenon. This
improves the decoupling between force and flux.
-Our proposed model, compared to traditional
centrifugal pumps and diesel water pumping

systems, is more competitive under different
conditions, such as variations in solar irradiance
and head.

Therefore, successful implementation of our

approach will not only provide farmers with a
sustainable and cost-effective solution but also
contribute to the reduction of noise, air pollution,
and fuel consumption.

NOMENCLATURE
Vas1, Vgs1-Primary voltages in the d-g axes statorl
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Vas2, Vgs2:Primary voltages in the d-g axes stator2
las1, Lgs1,2) gs2,-0-0 axes primary currents (A)

Lar, Lgr-d-q axes Linor currents (A)

Das1r Pgs1» Paszr Pqgs2:d-q axes Primary flux linkages
(Wb)

®ar» Pqr-d-q axes Linor flux linkages (Wb)

L, L:Primary and linor self-inductances (H)

R, R.:Primary and linorresistances ()

Q :Factor associated with the length of linor

F, : Electromagnetic force (thrust force)

“p:pole pitch (m)

D:Length of the linor (m)

p :Noof poles

v:Velocity (m/s)

ws:Primary angular velocity (rad/sec)

w,-:Linor angular velocity (rad/sec)

w4, :Slip frequency (rad/sec)

Qp :Flow rate (m3/s)

o, ' : Leakage coefficients associated to cases with and
without end-effect

Ipv : Output current of the solar cell.

Iph : Photocurrent proportional to isolation.

g : Electron charge (approximately 1.602x10—19 °C).
k: Boltzmann constant (approximately

1.381x10-23 J/K).
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