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LINEAR INDUCTION MOTOR AND RECIPROCATING PUMP 
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This paper presents a novel approach to enhance the efficiency and performance of photovoltaic (PV)-water pumping systems by 
integrating a linear induction motor (LIM) with a double-acting reciprocating pump (DARP). The proposed system is designed to 
achieve direct linear motion without needing a gearbox, thereby reducing costs and improving overall efficiency. This study 
presents the equivalent circuit of the LIM, including the phenomena of end effects, which increases its complexity and makes 
control difficult. A field-oriented control (FOC) technique is suggested to achieve better motor efficiency and dynamic 
performance to overcome this issue. Besides, the model of PV cells in environmental conditions, such as solar irradiance and 
temperature, significantly influence the I-V characteristics of PV panels. The MPPT-based P&O method was implemented to 
maximize their output power. The simulation results checked and validated in the Matlab/Simulink software tool demonstrate 
that combining LIM motors with DARP pumps offers advantages over traditional rotary motor-centrifugal pumps. This confirms 
that it is a beneficial solution for cost-effective, eco-friendly, and efficient irrigation. 

1. INTRODUCTION 
In agricultural irrigation, particularly in remote areas, 

most farmers rely on conventional grid electricity or 
diesel engines for their water-pumping systems [1]. 
However, diesel-based systems generate noise, pollute the 
air, and depend on costly fuels. Currently, water-pumping 
systems powered by solar energy (photovoltaic) offer 
significant advantages over conventional electricity- and 
diesel-based pumps, including cost-effectiveness and 
environmental benefits. Despite these advantages, it is 
essential to note that solar energy does not inherently 
operate at maximum efficiency. To ensure the optimal 
performance of PV systems, implementing maximum 
power point tracking (MPPT) strategies is essential to 
deliver maximum power output under varying 
environmental conditions [2].  

On the other hand, solar water-pumping systems have 
often relied on rotary electric motors and centrifugal pumps 
[3]. To improve the reliability and affordability of water-
pumping solutions, this study proposes a novel approach for 
enhancing the performance of a PV-powered water-pumping 
system by integrating a linear induction motor (LIM) with a 
double-acting reciprocating pump (DARP). This innovative 
system is designed to achieve direct linear motion without 
needing a gearbox, thus reducing maintenance requirements 
and addressing the challenges associated with converting 
rotational motion into linear motion. A LIM-driven 
reciprocating hydraulic piston pump offers several 
advantages over traditional centrifugal pumps, including 
constant flow, reduced vibration, and potentially greater 
efficiency, especially in off-grid or remote areas [4]. From a 
design perspective, the geometric configuration of the LIM 
is inspired by the structure of conventional rotational 
induction motors (RIM). Its operation is based on the 
interaction between the magnetic fields generated by the 
stator winding and the conducting layer on the surface of the 
secondary linear component, known as the linor. This 
interaction produces thrust and linear motion along the linor 
surface [5]. However, a significant drawback of this motor is 
the existence of an end-effect phenomenon that increases the 
complexity of the machine model. Therefore, to overcome 
this problem, numerous research endeavors have focused on 

reducing the effects of end-effect impacts and improving the 
control mechanisms of LIMs [6]. For control purposes, field-
oriented control (FOC) is an effective method that aims to 
make the behavior of a LIM resemble that of a direct current 
(DC) motor [7]. This similarity can be achieved by aligning 
the motor flux with the d-axis (linor flux) and adjusting the 
stator currents of the d- and q-axes to control the flux and 
force, respectively.  

Furthermore, this technique typically contributes to 
achieving improved efficiency, dynamic performance, and 
control flexibility. The main contributions of this study are 
as follows: in section 2, the modeling of the PV system, 
including the MPPT algorithm, is presented and described 
in detail. In section 3, An equivalent circuit of a LIM is 
identified by considering the end effect, and the Field-
Oriented Control (FOC) scheme is modeled and presented. 
Section 4 details the mathematical formula for the double-
acting reciprocating pump. The simulation results of the 
proposed approach are presented in section 5. Finally, 
section 6 concludes the paper. 

2. MODEL OF PV CELLS AND MPPT 
STRATEGY  

Modeling photovoltaic (PV) cells often involves using 
mathematical formulas to describe their electrical 
behavior. 

 

Fig. 1 – Equivalent circuit of photovoltaic cells. 

One commonly used model is the single-diode model, 
which represents a PV cell with a simple equivalent 
circuit, as shown in Fig. 1. 

The current-voltage (I-V) characteristics of a solar cell 
are described by [8] 
 𝐼!" = 𝐼#$ − 𝐼% − 𝐼&' , (1) 
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Fig. 2 – Flowchart of P&O MPPT algorithm [10]. 

The implementation of MPPT strategies is an essential 
part of maximizing the output power of PV systems. This 
section's flowchart in Fig. 2 illustrates the proposed 
perturb-and-observe (P&O) algorithm [9]. 

3. MOTOR AND CONTROL STRATEGY  

3.1 MODEL OF LINEAR INDUCTION MOTOR 
The dynamic model of the linear induction motor was 

investigated through the d-q model of the equivalent 
electrical circuit, considering the phenomenon of the end 
effect. Ducan [11] and Gieras et al. [12] developed 
equivalent circuits by superposing the synchronous and 
pulsating waves caused by the end effect.  

 
(a) d-axis equivalent circuit. 

 
(b) q-axis equivalent circuit. 

Fig. 3 – LIM equivalent electrical circuit considering end-effects. 

As depicted in Fig. 3, the equivalent circuit of the LIM 
can be divided into two parts. The first part, shown in Fig. 
3(a), is influenced by the end effect, particularly along the 
d-axis, where the parameters vary accordingly. The 
second part, illustrated in Fig. 3(b), remains unaffected by 
this phenomenon, resembling the q-axis equivalent circuit 
of the induction motor. Here, Ψ, L, and R represent flux, 
inductance, and resistance. The subscripts d and q denote 
the components of each physical quantity in the d- and q-
axis systems, while s and r refer to primary and secondary 
aspects. Additionally, ω( and ω)*, signifying the primary 
electrical angular frequency and slip angular frequency, 
respectively [13]. 

In [11,14], Ke is an important parameter that is used to 
express the end-effects phenomenon: 
 𝐾𝑒 = %+!

(-".-#!)0
. (6) 

The three-phase magnetizing inductance varying with 
Ke is defined as 
 𝐿)1 = 𝐿1[1 − 𝑓(𝐾2)]. (7) 

where: 
 𝑓(𝐾2) =

342$%&

5&
. (8) 

when considering the eddy current losses, a resistance 
emerges in the transverse branch, denoted as 𝑅)6, and is 
defined as: 
 	𝑅)6 = 𝑅6𝑓(𝐾2). (9) 

For the circuits, the voltage and linkage flux equations 
of the LIM in the d-q reference frame are expressed as 
follows: 

⎩
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⎨
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.    (11) 

The primary angular frequency was determined by 
combining the linor angular speed with the slip frequency. 
This relationship is defined as 

 
 ω) = ω)* +ω6 (12) 

Additionally, the conversion of the LIM's angular speed 
to linear speed is represented as: 
 𝑣 = 9'

:
ω6 (13) 

In this study, the linear motor was directly connected to 
the pump, and the gearbox was neglected. The dynamic 
equation of the linear induction motor (LIM) is [15] 

 𝑀 7
7;
𝑣 + 𝐵𝑣 = 𝐹2 − 𝐹- , (14) 

where M is the mass of the moving parts of the motor and 
pump, and B is the damping coefficient. 

The electromagnetic force 𝐹2 applied by the motor is 
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defined as:  
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Moreover 𝐹- is the load force caused by the weight of 
the lifted water.  
 𝐹- = 𝐹#L1#. (17) 

2.1 FIELD-ORIENTED VECTOR CONTROL 
FOC has become more widely used in modern motor 

control due to its efficacy in achieving high efficiency and 
dynamic performance. Like the control principles applied 
in separately excited DC motors, FOC aims to decouple 
torque and flux control within the motor system. By 
aligning the d-axis with the linor flux, the control system 
can independently regulate the torque-producing current 
(Iq) along the d-axis and the magnetizing current (Id) 
along the q-axis. Figure 4 illustrates the dynamic model 
of FOC applied to the LIM, considering the end effect in 
the synchronously rotating reference frame [16].  

Under rotor flux orientation conditions, the linor flux 
equations can be given as follows: 

 D
ϕ86 = 0,

ϕ76 = ϕ6 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (18) 

Substituting eq (18) into the linor linkage flux eq. (10), 
the linor currents are derived as in eq. (19) and (20) 

 𝑖76 =
M!4-N"O()

-!
, (19) 

with 𝐿6 = 𝐿*6 + 𝐿1[1 − 𝑓(𝐾2)], 
 𝑖86 =

4-".O*)
-#!.-"

. (20) 

where: 𝐿6 is the secondary inductance,	𝐿*6 the secondary 
leakage inductance, and 𝐿1 the magnetizing inductance. 
By employing eq. (18) and (20) within the stator voltage 
eq. (10), the decoupling current and voltage compensation 
can be expressed as 

!
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As illustrated in eq. (22), the stator voltage components 
are coupled by the d- and q-back electromotive force 
given by  

L
𝐸7 = − +N!

-!
ϕ6 +ω)σQ𝑖7),

𝐸8 = −ω)σ𝐿)𝑖7) −ω)
-N"
-!
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               (22) 

Finally, the feed-forward decoupling method [17] is 
applied to obtain the linear terms as follows: 
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In a more detailed model, the thrust force is represented in 
the linor flux-oriented reference frame as follows. 
 𝐹2∗ = 𝐾J ,, (26) 
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#
G
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3. DOUBLE ACTING RECIPROCATING PUMP  
Water exerts force on both sides of the piston for this type 

of pump. Consequently, this design necessitates using two 
suction pipes and two delivery pipes. This configuration 
required two suction valves (S1 and S2) and two delivery 
valves (D1 and D2), illustrated in Fig. 5 [18]. 

During the process of coupling the motor to the pump, the 
displacement of the actuator is equal to the downward and 
upward strokes of the piston. Consequently, a power 
converter must sequentially energize the phase windings of 
the motor and reverse the sequence each time the end 
positions of the actuator are reached [19]. 

Fig. 4 – MATLAB/Simulink model of Solar water pump. 
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Fig. 5 – Main parts of double-acting reciprocating pump. 

The power requirement of a double-acting reciprocating 
pump can be estimated using the following formula: 
 𝑃 = S'VW

X
, (29) 

 𝐻 = 𝐻) +𝐻7,  (30) 

where P is the power (W) required by the pump, H is the total 
head (m), ρ is the density of the fluid being pumped (kg/m3), 
g is the acceleration due to gravity (approximately 9.81 m/s), 
and η is the overall efficiency of the pump and motor systems 
(expressed as a decimal). 

This formula estimates the power required for the pump 
under steady-state conditions, assuming an ideal behavior.  

The capacity or flow rate (Q) of a double-acting 
reciprocating pump can be calculated using [20]: 
 𝑄 = GY-Z

[\
. (31) 

4. SIMULATION RESULTS  

This section conducts a simulation using 
MATLAB/Simulink to demonstrate the performance of the 
proposed design system. We employed the China Sunergy 
Nanjing SST235-60P with eight series modules, one 
parallel string (see Table 3 in the appendix), and the P&O 
MPPT algorithm to verify and validate the proposed 
approach. Furthermore, the parameters of the LIM used in 
this research are summarized in Table 1.  

Table 1 
Linear induction motor parameters 

Parameters Values 
Primary resistance – 𝑹𝒔 1.25 W 

Linor resistance – 𝑹𝒓 2.7 W 
Primary leakage inductance – 𝑳𝒍𝒔 40.1 mH 

Linor leakage inductance – 𝑳𝒍𝒓 33.1 mH 
Magnetizing inductance – 𝑳𝒎 32.6 mH 

Pole pitch – 𝛕𝒑 0.0641 m 
Primary length – D 0.286 m 

Mass of the LIM – M 8 kg 
Number of pole pairs – p 4 

 
The I-V and P-V characteristics of the PV module are 

shown in Fig. 6 (a and b), with the different solar irradiance 
values used between 700 W/m and 1000 W/m. Then, the 
illumination profile is illustrated in Fig. 8(c), with the 
temperature retained at a fixed value of 25 ℃. 

 
(a) 

 
(b) 
(c) 

Fig. 6 – (I–V) and (P–V) characteristics of the PV array under different 
solar irradiance. 

The output of the PV-array module is shown in Fig. 7. the 
PV output voltage is obtained near 250 V, and the PV output 
current is changed between 7.23 A to 5.024 A due to 
variations in solar irradiance G. 

 
(a) 

 
(b) 

Fig. 7 – PV output voltage and current under varying solar irradiance. 

To demonstrate the effectiveness of the proposed FOC 
control method, the motor was run with a 3 m/s reference 
speed and 0.4 Wb reference flux, and the external load 
force was applied, which signified that the motor is coupled 
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to the pump (load pump) see Fig. 8. 

 
(a) 

 
(b) 

Fig. 8 – Speed and thrust force responses under reference speed variation 
between 3 m/s and 4 m/s. 

Figure 8 (a) confirms that the performance of the speed 
controller was tested by applying a significant change in the 
reference speed from 3 m/s to 4 m/s at t =1 s. The actual 
motor speed (red line) almost tracks the reference speed 
(blue line) for both values, which indicates effective speed 
control. 

 
Fig. 9 – Direct and Quadrature linor flux responses. 

In addition, the components of linor flux are depicted in 
Fig. 9. It is noted that decoupling between the direct and 
quadrature linor flux is performed correctly since fdr is not 
affected significantly (fdr is kept constant at the reference 
value fdr = 0.4 Wb). At the same time, fqr is maintained at 
zero (fqr = 0 Wb). When the speed reference changes, 
remarkable peaks are observed at t = 1 sec.  

 
Fig. 10 – Direct and quadrature stator current responses. 

On the other hand, Fig. 10 illustrates the stator current 
components id and iq response obtained by minimizing the 
error between actual and reference values of force and flux. 

As shown, when the d-axis current changes (ids = 18.75 A to 
21.94 A) due to a change in speed reference, the q-axis 
current is only slightly disturbed and then quickly recovers 
to its commanded value iqs = 0.41 A, as determined 
accordingly to reference force eq. (28). So, the decoupling 
between the direct and quadrature stator current was 
successfully achieved. 

 
(a) 

 
(b) 

Fig. 11 – Pump performance curves: (a) Head vs. Flow, (b) Power vs. Head. 

Furthermore, for different Head (H) values, Fig. 11 
demonstrates the flow rate (Q) and pump power increases. To 
assess the performance of the proposed design, Table 2 
recapitulates the performance of a double action reciprocating 
pump and a linear induction motor in terms of Q. 

Table 2 
Performance comparison of the proposed PV-water system-based DAR 

pump and LIM with the conventional rotary motor-centrifuge pump. 
References  Speed  flow rate Q (m3/s) 

[21] 2534 (RPM) 
2711 (RPM) 

3.362 (L/s) 
 4.135 (L/s) 

[22] 120 (rad/s) 
150 (rad/s) 

0.0078 (m3/s) 
0.009 (m3/s) 

This work 3 (m/s) 
4 (m/s) 

0.0377 (m3/s) 
0.05 (m3/s) 

4. CONCLUSION  
This paper has demonstrated the application of a linear 

induction motor with a double-action pump (DAR) to 
enhance photovoltaic-water pumping systems. Field-
oriented control is introduced to regulate the dynamic model 
(Motor-pump). Simulation results show that the proposed 
FOC technique achieves accurate speed tracking with 
minimal error and short response time across different speed 
reference values, enhancing decoupling between force and 
flux. A comparative analysis of both models, distinguished 
by the exclusion or inclusion of the end effect, revealed 
significant improvements, which are summarized as follows: 

• Overshoot reduction: from 13 % to 0 %. 
• The settling time decreased from 0.56 to 0.14 s. 
• Increase in current (ids): from 11.91 A to 18.75 A. 
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• The model with the end effect demonstrated greater 
efficiency, providing more stable control of key 
variables such as speed, thrust force, current, and 
magnetic flux.  

The successful implementation of this approach offers a 
sustainable and cost-effective solution for agricultural 
applications, including high system reliability and a low-cost 
implementation process. 
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NOMENCLATURE  
𝑉78, 𝑉08: primary voltages in the d-q axes (V). 
𝑖78, 𝑖08: d-q axes primary currents (A). 
𝑖79 , 𝑖09: d-q axes linor currents (A). 
ϕ78, ϕ08: d-q axes primary flux linkages (Wb). 
ϕ79 , ϕ09: d-q axes linor flux linkages (Wb). 
𝐿8, 𝐿9: primary and linor self-inductances (H). 
𝑅8, 𝑅9: primary and linor resistances (W ). 
Ke: factor associated with the length of linor. 
𝐹5: Electromagnetic force (thrust force). 
tp: pole pitch (m). 
𝐷: length of the linor (m)  
p: number of poles. 
𝑣: velocity (m/s). 
ω?: primary angular velocity (rad/sec). 
ω9: linor angular velocity (rad/sec). 
ω86: slip frequency (rad/sec). 
Q: flow rate (m3/s). 
L: stroke length (m). 
N: pump speed (rpm). 
σ, σ@: leakage coefficients associated with cases with and without 
end-effect. 
A: piston area (m2). 
IPV: output current of the solar cell. 
Iph: photocurrent proportional to isolation. 
I0: reverse saturation current of the diode. 
VPV: output voltage of the solar cell. 
n: ideality factor of the diode. 
q: electron charge (approximately 1.602×10−19 °C). 
K: Boltzmann constant (approximately 1.381×10−23 J/K). 
T: junction temperature (Kelvin). 
Rs, Rsh: series, and shunt resistance of the solar cell (W). 

APPENDIX 

Table 3 
Manufacturer Specifications for a PV Module (China Sunergy (Nanjing) 

SST235-60P; 8 series modules; 1 parallel strings). 
Pv Parameters Value 

Maximum Power  235.024 W 
Cells per module (Ncell) 60 
Open circuit voltage Voc 36.8 V 
Short-circuit current Isc 8.54 A 

Voltage at maximum power point Vmp  29.6 V 
Current at maximum power point Imp  7.94 A 

Shunt resistance Rsh  194.48 Ω 
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