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Abstract
This paper aims to improve the induction motor (IM) performance for photovoltaic (PV) water pumping systems (PVWPS)
without battery storage. The proposed technique is designed by direct torque control based on fuzzy logic controller (FLC). The
purpose is to ensure optimal control of flux reference to reducemotor losses and hence, the efficiency of the PVWPS is improved.
The maximum power point tracking (MPPT) is achieved using a variable step size Perturb and Observe (VSS P&O) algorithm.
The PV system incorporating the proposed technique is tested and compared with the control scheme based on constant flux
reference under a real annual data of atmospheric conditions of the target site. The simulation results indicate the effectiveness of
the proposed control strategy in terms of the reduction in stator current, optimizing flux, electrical speed and pumped water.
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Introduction

Nowadays, considerable effort has been devoted to finding a
source of production of electrical energy without yielding
CO2 emissions to the environment [1]. Solar photovoltaic
(PV) is one of the well-known sources of renewable energy
which can be considered the best solution to produce clean
electrical energy [2]. PV water pumping system is considered
one of the most popular applications of PV power systems,
particularly in remote area. Water pumping based on PV tech-
nology is a promising alternative to conventional pumping
systems based diesel because there is no carbon emission or
noise generation and it has a low maintenance cost.

Various types of electric motors are used in PV water
pumping system, each has its pro and cons, among them,
DC motor [3], permanent magnet synchronous (PMSM) [4,
5], brushless DC motor [6] and induction motor (IM) [7, 8].
Recently, the PV water pumping systems driven by IM are

frequently used because these engines provide several advan-
tages such as simple control thanks to the evolution of power
electronics, low cost and free-maintenance [9, 10].

The most used control strategies for IM motor are Field
Oriented Control (FOC) [11–14] and Direct Torque Control
(DTC) [15–17]. Compared to FOC, DTC provides many ad-
vantages such as (i) simple implementation (ii) absence of
current controllers, (iii) quick response control, (iv) less ma-
chine parameter dependence [18, 19]. However, this control
strategy has major inconvenient like (a) accurate estimation of
torque and flux (a) high torque and flux ripples (d) variable
switching frequency [20].

In the literature, several studies have been proposed to im-
prove the performance of DTC. Some authors have used mul-
tilevel inverters to improve the DTC but this solution increases
the cost due to number of power devices. Few researchers
developed DTC by space vector modulation and discrete
space vector modulation methods, however the accurate de-
sign of PI controllers is necessary [21]. DTC is also improved
by employing Sliding Mode technique [19], this control strat-
egy is robust and fast but it presents undesirable chattering
[22]. A fixed switching frequency technique is also used to
reduce the torque and flux ripples [23]. In the recent years, the
use of artificial intelligent methods has attracted much atten-
tion from researchers. The artificial neural network is used to
enhance the performance of the DTC but it needs a high-speed
processor for implementation [20]. Fuzzy logic is also utilized
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which consists of replacing the hysteresis comparators and
voltage vector selector by fuzzy logic controllers. This tech-
nique provides high performance by reducing the torque and
flux ripples [24, 25].

The operation of the induction motors provides high effi-
ciency under rated conditions (rated speed and torque).
However, in many applications such as PVWPS, for most of
the period during routine operations, IM operates far from the
rated point which leads to reducing efficiency. In this context,
the efficiency of the IM can be improved by minimizing the
motor losses.

In most of the previous studies, the flux reference is main-
tained at a rated value in the whole speed range (from zero to
rated value) [16, 26, 27]. However, the use of the nominal flux
value can decrease the power factor and efficiency of the IM.
Moreover, the operating with high flux values increases the
iron losses in the magnetic circuit and leads the machine to
saturation while, the lower flux level causes high joule losses.
Therefore, a suitable control technique that maximizes the
efficiency of the IM is highly desirable.

In this paper, a proposed approach associated with DTC
based FLC which consists of determining the optimal flux
level in order to improve the efficiency of PVWPS. The pro-
posed technique uses the stator current as the objective func-
tion in the improvement process because it has been indicated
that the stator current has more sensitivity to the flux variation.
Consequently, an optimal control of direct axis (d- axis) stator
current can result a reduction in flux level thus minimizing
joules losses in IM. The optimal d-axis stator current is de-
rived analytically using the loss equation of the IM and is
employed in the dynamic model of the induction motor. The
robustness of the proposed technique is approved by the re-
duction of the stator current, leading to a decrease in joule
losses. As a result, the efficiency of the PVPWS is improved.

Because the analysis in seconds or minutes evaluates the
performance of the system in a limited period, especially in
PV water pumping system, it is essential to quantify the

behavior of PVwater pumping system in hours. The proposed
PVWPS based optimal flux is evaluated and compared with
the system that uses a constant reference flux under real cli-
matic conditions for duration of one full year (8760 running
hours) using Matlab/Simulink environment. It is found from
the obtained results that proposed method improves the per-
formance of the PVWPS while increasing the pumped water
quantity, selecting the optimal flux level and reducing current
amplitude. This paper is organized as follows: the PV system
components are modeled in section II. The variable step size
(P&O) algorithm is presented in section III. The control strat-
egy based on fuzzy logic controller is introduced in section IV.
The proposed technique is described in section V. Section VI
presents and analyses the simulation results. Finally, section
VII concludes the paper giving some comments.

Nomenclature

a Diode’s ideality factor.
Ia Output current of PVarray[A].
Io Diode saturation current [A].
Iph Panel photocurrent [A].
Ir Rotor current [A].
Is Stator current [A].
K Boltzmann constant [J K − 1].
Kp Proportionality constant.
Ls Stator inductance [H].
Lr Rotor inductance [H].
M Mutual inductance [H].
Ns Number of modules connected in series.
Np Number of modules connected in parallel.
p Pole pair number.
P, H, Q Characteristics of the pump for rotation speed[N].
P′, H′,
Q’

Characteristics of the pump for rotation speed [N
′].

q Electron charge [C].
Rr Rotor resistance [Ω].
R Series resistance [Ω].

Boost Converter

Vpv

Ipv

MPPT Control

Sa Sb Sc

Vdc IM
isa
isb
isc

Voltage source inverter

A
B

C

Solar
PV

Centrifugal
pump

Fig. 1 Schematic diagram of the PVWPS
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Rsh Shunt resistance [Ω].
Rs Stator resistance [Ω].
Sa, Sb, Sc Switching states
Tc Cell temperature [K].
Va Panel output voltage [V].
ws, wr stator and rotor pulsations.
wm rotor mechanical angular velocity [rad/s].

Greek Letters

α Duty cycle.
σ Dispersion coefficient.
θs Position of stator flux.
Ω Mechanical speed.

Abbreviations

DTC Direct Torque Control
FLC Fuzzy logic controller
IM Induction motor.
MPPT Maximum Power Point Tracking.

P & O Perturb and observe.
PV Photovoltaic.

Modeling of the Proposed PV Water Pumping System

The proposed PV water pumping system (PVWPS) is illus-
trated in Fig. 1. It is composed of PV panel connected to boost
converter which ensures operation at maximum power point
by applying variable step size perturb and observe (P&O)
technique, voltage source inverter (VSI) and an induction mo-
tor connected to a centrifugal pump.

PV Array

In this work, a CSUN235_60P solar panel is adopted to
achieve the necessary PV array. Hence, the output current of
PV array can be expressed by [28]:

Ia ¼ NpIph−NpIo exp
� 1

Vt

Va

Ns
þ RIa

Np

� �
−1

� �
−
Np

Rp

Va

Ns
þ RIa

Np

� �
ð1Þ

Where.

Vt ¼ aKTc

q
: ð2Þ

α

Fig. 2 DC-DC converter

Start

Measure Vpv, Ipv

Calculate Ppv

Offset=Ofsset0*Δppv/ΔVpv

α=α-Offset

P(k)>Ppv(k-1)

Vpv(k)>Vpv(k-1) Vpv(k)>Vpv(k-1)

α=α+Offset α=α+Offset α=α-Offset

Fig. 3 Variable step size P&O
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DC-DC Converter

Fig. 2 illustrates the boost converter which allows to
converting DC voltage (Vpv) to another DC voltage (Vdc)
and its main functioning is defined by the following equations
[29]:

Vdc ¼ Vpv

1−α
ð3Þ

Idc ¼ Ipv 1−αð Þ ð4Þ

Inverter

The inverter allows to control the induction motor and is rep-
resented by [30]:

Va ¼ Vdc

3
2Sa−Sb−Scð Þ ð5Þ

Vb ¼ Vdc

3
−Saþ2Sb−Scð Þ ð6Þ

Vc ¼ Vdc

3
−Sa−Sbþ2Scð Þ ð7Þ

Induction Motor

The application of the Concordia transformation to the three
phases of the IM makes it possible to write the general model
of the IM, which is resumed as follows [31]:

dIαs
dt

¼ −
Rs

σls
−
Rr

σlr

� �
Iαs−wr Iβs þ Rr

σlrls
ϕαs þ

wr

σls
ϕβs

þ 1

σls
Vαs ð8Þ

dIβs
dt

¼ −
Rs

σls
−
Rr

σlr

� �
Iβs−wr Iαs þ Rr

σlrls
ϕβs−

wr

σls
ϕαs

þ 1

σls
Vβs ð9Þ

dϕαs

dt
¼ Vαs−RsIαs ð10Þ

Fig. 4 The fuzzy membership functions of εφ

Fig. 5 The fuzzy membership functions of εTem

Fig. 6 The fuzzy membership functions of θs

Table 1 Fuzzy switching logic rule base

εφ εTem θs

θ1 θ2 θ3 θ4 θ5 θ6 θ7 θ8 θ9 θ10 θ11 θ12

P PL V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2

PS V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1

Z V0 V7 V7 V0 V0 V7 V7 V0 V0 V7 V7 V0

NS V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6

NL V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

Z PL V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2

PS V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2

Z V7 V0 V0 V7 V7 V0 V0 V7 V7 V0 V0 V7

NS V7 V0 V0 V7 V7 V0 V0 V7 V7 V0 V0 V7

NL V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

N PL V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3

PS V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3

Z V7 V7 V0 V0 V7 V7 V0 V0 V7 V7 V0 V0

NS V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4

NL V5 V6 V6 V1 V1 V2 V2 V2 V3 V4 V4 V5
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dϕβs

dt
¼ Vβs−RrIβs ð11Þ

The electromagnetic torque generated by the induction mo-
tor is given by:

Tem ¼ 3

2
P ϕαsIβs−ϕβsIαs
� � ð12Þ

Centrifugal Pump

The load torque of the centrifugal pump is defined by:

Tp ¼ KpΩ
2 ð13Þ

According to Eqs. (14), the characteristics of the centrifugal
pump can be determined for any rotation speed [32]:

Q’ ¼ Q� N 0

N

� �
; H’ ¼ H� N 0

N

� �2

; P’

¼ P� N 0

N

� �3

ð14Þ

Variable Step Size P&O Algorithm

Variable Step Size P&O algorithm is used to track the MPP
due to its advantages namely low oscillations and fast-tracking
this, in turn, will improve the efficiency of PVWPS (Fig. 3)
[33].

 

Fig. 7 The fuzzy membership functions of the output

Fig. 8 Proposed PV water pumping system
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DTC Based on Fuzzy Logic Controller

With the aim of improving the performance of the system, a
fuzzy logic controller is introduced to substitute the hysteresis
controllers and switching table and select the suitable inverter
vector state. The proposed FLC is composed of three inputs
which are stator flux error εφ, torque error (εTem) and sector
angle (θs) while, the outputs are presented by the converter
switches (Sa, Sb, Sc).

The FLC operation consists of 4 main steps:

Fuzzification

This step consists of converting the three input variables
into fuzzy variables using membership functions (MF).
Figure 4 shows an equidistant isosceles triangular and
two symmetric trapezoidal MF which represent the stator
flux error, while, Fig. 5 illustrates three equidistant isos-
celes triangular and two symmetric trapezoidal MF which
represent the second input. The third input is the flux

angle which its universe of discourse is divided into
twelve fuzzy sets for more precision and represented by
twelve equidistant isosceles triangular MF (Fig. 6).

Fuzzy Control Rules

The fuzzy rules are determined based on the expert knowledge
to control the behavior of the FLC and stored in Table 1. This
latter is composed of 180 control rules based on the compila-
tion of conditional fuzzy statements stated as a set of IF-
THEN rules.

Fuzzy Inferences

This step of the process utilizes Mamdani’s procedure based
on min-max decision. The weighting factor for ith rule (αi) can
be expressed by:

αi ¼ min μAi eφð Þ;μBi eTð Þ;μCi θð Þð Þ ð15Þ

(a) (b)

(c) (d)

(e) (f)

Fig. 9 Results of annual
atmospheric conditions: (a)
Irradiation profile (b) Cell tem-
perature (c) PV power (d) Stator
current (e) Flux components
using FDTC (f) Flux components
using FDTCO
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μ
0
Vi Vð Þ ¼ max αi;μVi Vð Þð Þ ð16Þ

Where:
μAi (eφ), (eT) , μCi(θ) are the membership values of flux

error, torque error and stator flux angle respectively.

Defuzzification

This step consists of using the Max method expressed by (17)
to generate the crisp values varying from V0 to V7 to produce
the control output (Fig. 7).

μ
0
Vout Vð Þ ¼ max180i¼1max μ0Vi Vð Þð Þ ð17Þ

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 10 Results of daily
atmospheric conditions: (a) atmo-
spheric conditions (b) PV power
(c) Electric speed (d) water Flow
(e) Flux components using FDTC
(f) Flux components using
FDTCO g) Stator current
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Stator flux and torque can be estimated by the following
equations:

The components of stator flux are given by:

bφsα ¼ ∫t0 vsα−Rs:isαð Þ:dtbφsβ ¼ ∫t0 vsβ−Rs:isβ
� �

:dt

(
ð18Þ

The electromagnetic torque is expressed by:

bTem ¼ p: bφsα:isβ−bφsβ:isα
� �

ð19Þ

Where the amplitude and angle of the stator flux are calcu-
lated by:

bφs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffibφ2

sα þ bφ2

sβ

r
θs ¼ arctg

bφsβbφsα

 !
8>>><>>>: ð20Þ

Proposed Technique

Based on the centrifugal pump theory, the quantity of the
pumped water is increased with mechanical power at the
pump shaft. Hence, the improvement of the pumped water is
achieved by the maximization of the mechanical power as the
insolation varies. The goal is obtained by the improvement of
the motor efficiency which is expressed by (21) for every
operating point.

η ¼ 1−
Ploss

Pin
¼ 1−

Ploss

Vds ids þ Vqs iqs
ð21Þ

Where:

Ploss ¼ Pin−Pout and Pout ¼ wmTem:

Most of induction Motor control techniques use the rated
value of flux as reference the command to ensure high dynam-
ic performance. However, the high flux level produces addi-
tional core loss which leads to coming down efficiency. In that
context, the proposed technique aims to determine the optimal
reference flux which leads to increase the effectiveness of the
PV water pumping system and reduces the motor losses. The
proposed control strategy is based on the calculation of the
copper losses (iron losses are neglected). The copper losses
can be computed in (d, q) reference frame using direct stator
current ids and quadratic stator current iqs as follows:

The stator copper losses:

Pcus ¼ Rs i2ds þ i2qs
� �

ð22Þ

The rotor copper losses:

Pcur ¼ Rr i2dr þ i2qr
� �

ð23Þ

Therefore, the total copper losses can be expressed by:

Pcu ¼ Rs i2ds þ i2qs
� �

þ Rr i2dr þ i2qr
� �

ð24Þ

Table 2 A comparative table
between FDTC and the proposed
method

FDTC FDTCO

Months Flux
(Wb)

Stator Current
(A)

Water flow rate
(m3/s)

Flux
(Wb)

Stator Current
(A)

Water flow rate
(m3/s)

Jan 1.2 10 0.0081 0.88 7.4 0.0084

Feb 1.2 9.1 0.0087 0.92 7.1 0.009

Mar 1.2 11.97 0.0095 1.02 7.44 0.0097

Apr 1.2 12.18 0.0093 1 8.7 0.0095

May 1.2 10.68 0.0087 0.98 7.04 0.0092

Jun 1.2 10.28 0.0087 0.93 8.28 0.009

Jul 1.2 11.39 0.0092 1 7.23 0.0095

Aug 1.2 12.38 0.0092 1 7.33 0.0096

Sep 1.2 11.95 0.0094 1 8.02 0.0096

Oct 1.2 12.02 0.0091 0.98 7.22 0.0092

Nov 1.2 11.23 0.007 0.85 7.1 0.008

Dec 1.2 12.23 0.0071 0.86 7.8 0.008
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The rotor copper losses can be expressed considering ids =0

and iqr= − M
Lr

� �
iqsin field-oriented d- q frame by:

Pcur ¼ Rr
M
Lr

� �
2 i2qs ð25Þ

Replacing Eq. (25) into (24), we obtain:

Pcu ¼ Rs i2ds þ i2qs
� �

þ Rr
M
Lr

� �2

i2qs ð26Þ

Thus, the stator currents rotor in terms of flux and electro-
magnetic torque can be written as:

ids ¼ ϕr

M
ð27Þ

i*qs ¼ C*
em

Lr
Mpϕ*

r

ð28Þ

Replacing Eq. (27) and (28) into (26), the total losses ex-
pression can be written in terms of direct stator current ids as
follows:

Pc ¼ Rsi2ds þ
�
Rr

M
Lr

� �2

þ Rs

 !
C*

em
Lr

pM 2 ids

� �2

ð29Þ

From Eq. (29), it’s clear that the losses depend on the value

of ids which controlled the rotor flux ϕ*
r . This involves the

motor losses that can be controlled when the internal param-
eters of the induction motor remain unchanged under the con-
stant load torque. Hence, the derivative of Eq. (30) allows to
providing the optimal reference flux which ensures the mini-
mum losses without degrading the performance of IM.

d Pc

d ids
¼ 0 ð30Þ

Therefore, the direct stator current Idsopt in field-oriented
(d,q) system ensuring the optimal reference value of the rotor
flux is given by:

Idsopt ¼ Kopt i*qs ð31Þ

Where

Kopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M

Lr

� �2Rr

Rs

s

Simulation Results

The performance of the PVwater systems is influenced by the
variation of the climatic conditions such as solar radiation and
ambient temperature. For this reason, the proposed method
(Fig. 8) is evaluated under real climatic data of Fez,
Morocco. Because the analysis in seconds or minutes evalu-
ates the performance of the system in a limited period, espe-
cially in PV water pumping system, it is essential to quantify
the behavior of PV water pumping system in hours. The con-
figuration for the proposed PV system consists of eight PV
panels (Appendix Table 3) connected in series to provide the
needed power to run the motor whose characteristics are listed
in Appendix Table 4. The components of PV water pumping
system are presented in Appendix Table 5. To obtain a fair
comparison possible, the proposed control strategy (FDTCO)
is compared to FDTC in the same conditions.

Annual Analysis of PVWPS Performance

In the first step, the proposed PV system based on optimal flux is
evaluated for one complete year (8760 running hours) using
MATLAB/Simulink software. A comparative study of the pro-
posed control strategy with FDTC using the rated value of flux
(1.2Wb) as reference has been performed. Figure 9a and b show
the annual variation of the solar radiation and cell temperature
respectively. Figure 9c illustrates the extracted PV power from
the PV panel. Figure 9d shows the stator current of both tech-
niques, it can be seen that the proposed control scheme reduces
the stator current amplitude compared to FDTC, which leads to
minimizing the copper losses. Hence the efficiency of the PV
system is improved. Figure 9e and f illustrate the responses of
stator flux using FDTC and the proposed technique respectively.
It is clearly seen that the stator flux is always kept constant using
FDTC. Moreover, operating with high value of flux can lead to
saturation of the IM. Contrary to proposed technique, the refer-
ence flux is variable which allow minimizing of the losses. In
addition, it doesn’t reach its rated value. Hence, the proposed
method indicates its performance.

Daily Analysis of PVWPS Performance

For more accuracy, the PV system is tested for the twenty-first
day of each month. Figure 10a indicates the profile of solar
radiation and cell temperature. Figure 10b illustrates the extracted
PV power. Figure 10c and d show the responses of speed and
water flow with zoom-in view of the twenty-first day of each
month for both methods. Using the proposed technique based on
loss minimization, the volume of water pumped is higher com-
pared to FDTC. This is obtained due to increasing themechanical
power at the pump shaft under the constant load torque by re-
ducing the motor losses. Figure 10e and f illustrate the developed
flux. It can be observed that the flux is variable during all the

Technol Econ Smart Grids Sustain Energy (2020) 5: 6 Page 9 of 11 6



operating of the process to select the optimal valuewhich ensures
the reduction of the losses using the proposed technique.
Contrary to FDTC, the flux remains constant. Figure 10g shows
the absorbed stator current for both control strategies. We can
notice that the proposed technique provides a remarkably reduc-
tion of current compared with FDTC which allows to reduce the
copper losses and consequently, the efficiency of the PVWPS is
improved. Thus, a high starting current degrades the performance
of the IM. Moreover, the proposed method reduces the starting
current which allows the increase the IM lifetime.

A comparative table regarding pumped water, stator current
and flux amplitude with the main values obtained in simulation
for the two control strategies is presented in Table 2. We can
conclude that the proposed technique based on loss minimiza-
tion provides better performance compared to FDTC.

Conclusion

This paper describes an optimal design of FLC based on DTC
with loss minimization method for PV systems. The proposed
control strategy aims to improve the performance of the PV
water pumping by optimizing IM energy. The purpose is to
select the optimal value of reference flux which allows to
reduce the copper losses of IM and therefore the efficiency
of the PV systems is improved. A comparison between the
PVWPS with the proposed method and the system based on
constant value of reference flux for one Typical
Meteorological Year for the Moroccan city (Fez) is presented.
To conclude, the proposed control strategy gives excellent
performances, in particular the selection of the optimal flux,
minimization of the stator current and losses of the IM and the
increase of the efficiency of PVWPS.

Appendix
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