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Abstract: Due to the increase in electricity and diesel costs, solar photovoltaic pumping systems have
become a good solution, especially in rural areas. This work presents a standalone photovoltaic (PV)
water pumping system (PVWPS) driven by an induction motor without energy storage to improve
the pumping system’s performance. First, a comparison is made between two types: perturb and
observe (P&O) method and incremental conductance (INC) MPPT method with a variable step size
that is automatically adjusted. Studying these two techniques helps to understand which one can
result in a system with less oscillation and greater efficiency when tracking the maximum power
point from the PV panel under sudden irradiation conditions. This MPPT works on the operating
duty cycle of the boost converter. Then, that converter combines with a voltage source inverter (VSI)
to convert DC power to AC power. Second, we use indirect field-oriented control (IRFOC), which
drives the three-phase of an induction motor in turn to run the centrifugal pump. The simulation
results of this work were obtained using the MATLAB Simulink platform.

Keywords: photovoltaic system; perturb and observe; incremental conductance; field-oriented
control; induction motor; centrifugal pump

1. Introduction

Recently, increasing demand for renewable energies such as wind, water, geothermal
and solar energy has become evident in different areas due to pollution causing global
warming and other environmental issues [1]. Those renewable energies have many advan-
tages, being environmentally safe with low operating costs and low maintenance. Solar
energy is the most common. This source can be used in various applications as a standalone
PV pumping system [2].

Water pumping systems are essential for meeting human needs, especially for irriga-
tion, livestock, and domestic applications [3]. The solar panels must operate at maximum
power point (MPP). The authors have studied many methods for tracking maximum power
point, each with its advantages and disadvantages [4], namely FSCC, FOCV, P&O, and
INC [5,6]. Short circuit current (FSCC) and open-circuit voltage (FOCV) are very simple.
However, they isolate the photovoltaic panel to measure short-circuit current or open-
circuit voltage when changes in environmental conditions occur [7]. The perturb and
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observe (P&O) method and incremental conduction (INC) methods have important advan-
tages such as robustness, simplicity, and high accuracy, and they also take less time [8].
They are the most widely used since they are based on the (PV) curve of the photovoltaic
panel. However, the disadvantage of these techniques is that, with fixed step size tracking,
the oscillation appears in a steady state. However, this problem can be solved by using a
variable step size in which a step size resulting in small oscillations and fast-tracking is
automatically chosen [9,10], thus producing the maximum power of the DC/DC converter,
which can achieve peak voltage even with low solar radiation.

The type of motor to be used and the technique for its control are among the most
exciting issues, and have attracted the interest of many researchers. The use of DC motors
has been studied [11-26] because they are easy to operate. However, these types of motors
also suffer from some problems due to brushes, which need to be repeatedly changed
due to damage. Therefore, the maintenance and operation costs of the motor increase.
Brushless DC motors (BLDC) [12-24] have been used to overcome the drawbacks of BDC.

Nevertheless, these motors are limited to use in low-power PV systems. Photovoltaic
pumping systems based on AC motors have also been used [13], and are more efficient,
maintenance-free, and low in cost. The speed, flux, and torque of these induction motors
are complicated due to their non-linear model. To overcome this problem, researchers have
studied field-oriented control. This control allows induction motors to become very similar
to DC motors [14-25] with respect to high performance. It includes two control techniques:
indirect FOC (IFOC) and direct FOC (DFOC).

This work presents indirect field-oriented control for induction motors in a solar water
pumping system. The comparison of two techniques, variable step size INC and P&O, is
made. Simulations were performed using MATLAB Software. This paper is organized
as follows: following the introduction, Section 2 explains the model of the system and
then presents each component. Section 3 illustrates the results and presents a discussion.
Section 4, finally, concludes this work.

2. Modeling of The Parameter of The Pvwps
2.1. Description of the PUMP System

The photovoltaic pumping system in Figure 1 consists of two stages. The first is a PV
array connected to a boost converter (DC/DC) that ensures operation at maximum power
by adjusting the duty cycle through MPPT control techniques to achieve its maximum
value with the available radiation. This converter is connected to a voltage source inverter
(VSI) which converts DC power to AC power. The second part is responsible for operating
the induction motor that drives the pump to extract the water. Indirect field-oriented
control is used for the speed and torque of this induction motor [27,28].
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Figure 1. Functional principle of a solar pump.

2.2. Equivalent Circuit of a Photovoltaic Cell

The equivalent schematic of the photovoltaic cell presented in Figure 2 contains a
generator that is used to produce electricity from sunlight, a diode in parallel that models
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the PN junction, and two resistors that model the connection losses and the junction leakage
currents [15-29].
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Figure 2. Photovoltaic cell circuit.

The following equation for the current (I) and voltage (V) describes the characteristics
of the PV cell:

(V4+RsI)
q _1> _ (V+RsI) (1)

I=1TIps —1 aKTNG
PH s (e Ry,

The solar array parameters (CSUN 270-60 M at 25 °C and 1000 W/m?) are described
in the Appendix A (Table Al).

2.3. “Boost Converter DC/DC”

The Figure 3 shown a boost converter placed between the PV panel and the inverter
to boost the solar panel’s voltage according to the duty cycle (D) [16-30].
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Figure 3. Equivalent circuit of the boost converter.

The relationship between the PV panel outputs (input of the converter), the converter
outputs, and the duty cycle are as follows:

A%
S
Vie =1_4 ()
Lye = Ipv(1 — ) 3)
Then, the values of the inductor and capacitor are determined by the following
relationships.
va*D
L= 4
Al fs @)
_ Iout*D
~ AVcfs ©)

where: Al} is the ripple current through inductor, 10% to 40%, AV is the ripple voltage
across the capacitance, 1% to 2%.
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The parameter of the boost converters are presented in the Appendix A (Table A2).

2.4. Inverter

The inverter shown in Figure 4 has the role of converting DC input to three-phase AC
output. This inverter delivers a voltage to the machine equal to the current absorbed. The
modeling of the inverter is dependent on the state of the switches obtained by the logic
values [17-31].

T1 T2 T3
SpEpy
VDC b ::c (®
T1 T2 T3
STy

Figure 4. Three-phase inverter.

Si =1 if Tiis switched on, else Si=01i= (1, 2, 3).
The voltage vector expression is as follows:

Vbl =135 3§ 7 ||S25 (6)
v L33 T e

2.5. Induction Motor
The model of the induction motor is facilitated by using Park’s transformation, which
works to change the transformation from a fixed ABC coordination to a rotating QPO

coordination [18].
Following simplification, the equation of the IM becomes as follows:

Lys -Y Ws % CUI;;K Lgs (flLs 0
_ _ _ K 1
g Iqs _ L(;:S Y iUlrk T, Iqs n 0 7L |: Vs :| @)
d Dy T, 0 T, Ws] iy 0 0 Vqs
qu 0 % — Wy %rl @qr 0 0
L L L2 Re 1 12 R
BI‘:J/K: o /Gzl_ m/y:i7+7m d
R, o LgL; L, Lg o Lg o L L%
where V4,V gsws are control variables.
The expression for electromagnetic torque is:
3 L
Te=>p " (Darlgs — Dgr Las) (8)
25 L

The electrical equation associated with the mechanical equation for obtaining the
complete model of the system is as follows:
dO; Te—-T:—fQ)

at ] ©)
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where:

Te is electromagnetic torque;
T, is load torque; and
(), is motor rotor speed.

The parameters of the induction motor are presented in the Appendix A (Table A3).

2.6. Centrifugal PUMP

A centrifugal pump is a machine that converts mechanical energy into hydraulic
energy through centrifugal force. A centrifugal pump has many advantages, including
flexibility and relatively high efficiency for large amounts of water [19]. This pump is
characterized by some parameters that determine its evaluation.

The first is the load torque of the centrifugal pump.

Tpump = Kr(? (10)

where Ky represents the constants of the pump
The second is the hydraulic power required to move water from one point to another.

Pn = gHQp (11)
where:
e Py is the power that the pump transmits to the fluid W(watt);
e  His the total height (m);
e Qis the flow (m3/s);
e  Pis the density of water (1000 kg/ m?).
To realize the model, we used the similarity equations, which are as follows:
N
H = Hp ()2 12
() 12
N
Q) = Qul-) (13)
m
where:
e Hy, is the maximum height (m);
e Niis the instantaneous speed (rpm);
e  Np, is the maximum speed (rpm);
e Qis the instantaneous flow (m?3/s);
e  Q,, is the maximum flow (m3/s).

3. Control Strategies of the PVWPS
3.1. Control PWM

The PWM is necessary for controlling two VSI levels of the inverter. This technology
compares two signals, a triangular signal of high frequency (fp), called a “carrier”, and a
reference signal, called a “modulator”, with a frequency fm<< fp. The comparison between
these two signals can generate the pulse required to switch the mode of the inverter.
Figure 5 shows a comparison of these two signals, which are responsible for controlling
the inverter switches [20].
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Figure 5. The control of the Inverter switch.

3.2. MPPT Control with variable step Incremental Conductance and Perturb and Observe
Algorithms

Several MPPT algorithms have been used in the literature to extract the maximum
power from the PV panel with each change in solar irradiance. The most popular of these
are perturb and observe and incremental conductance. The purpose of these algorithms is
to adjust the duty cycle of a boost converter in such a way that boosted DC voltage can be
obtained [21].

“P&O and INC introduce a perturbation (ofs) that has to be either variable or fixed step
sizes to reach the maximum powerpoint. Problems may arise with changes in irradiance.
With a fixed step size, the oscillation appears to be in a steady-state. However, a variable
step size automatically chooses the step sizes, resulting in small oscillations and fast-
tracking [22]. In this paper, we used a variable step size for P&O and INC.

3.2.1. Variable step Perturb and Observe algorithm

The P&O algorithm works by measuring the current and the voltage of the PV, and
then the power is calculated and compared to the previous power. Depending on the
change in P, the algorithm provides a perturbation (0 fs) in the duty cycle o. Figure 6 shows
a flowchart of the P&O algorithm.

Start

y

Measure V, I

!

Calculate P
Ofs = of sy = abs(AP)

x

- Yaz
'\oh P> Faa ﬁ
No "
V=T Yes Yaz . Yas
l > Vaa j r V= Vg —l
& = @y — Of s @ = @y + of s @ = @y + of s & = Qgg — ofs

Figure 6. Flowchart of variable step perturb and observe algorithm.
The variable step can be determined by the following relationship:

ofs =ofsg AP (14)
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With changes in AP and AV, respectively:
e When 9F > 0, the working point is on the left of the MPP;

dv
e  When 3—5 = 0, the working point is on the MPP;
e  When 3—5 < 0, the working point is on the right of the MPP.

3.2.2. Variable step Incremental Conductance algorithm

INC is based on the derivate of power with respect to voltage % at MPD, that is

0. To determine the relationship between the ratio of the derivative of conduc-

av,
tance and the instantaneous conductance, the flowchart of the INC algorithm is shown in
Figure 7.
dp  dvli dl
W_W_I+VW_O (15)
Start

v

dV=V =V, di=l-I g dP=VH- ¥V i4* I

A J

Ofs = Of 55 = abs(AP)

r“—' AV=0 —1“

T
Yes ar i
i Al=10
+.\'€.~ " No
‘ . — Lo Al>0 =
v k 4 h 4
0=a,,;-Ofs o=aty+ Ofs 0=ty g+ Ofs 0=0y4-Ofs
! 1 3 v 4

Figure 7. Flowchart of the variable step incremental conductance algorithm.

The algorithm of this method can be modeled as follows:
e 4 ==atMPP;
e 4} > =Y Right to MPP;
o &Y < 7Y Left to MPP.
The step size of this algorithm varies automatically, in a similar way to P&O. this

step size increases as the operating point moves away from the MPP and decreases as the
operating point approaches the MPP.

3.3. Field-Oriented Control

The induction motor needs to be driven similarly to a DC motor; of the many available
controls, field-oriented control is the most commonly used, and works by decoupling the
flow and torque into two orthogonal components. This control consists of two types, DFOC
and IFOC, and these have been used in many applications [23].

IFOC control consists of aligning the rotor flux (or stator) to one axis of the park
reference.

In our case, we direct the flux with the d-axis, which implies

Dqr = 0and &y = Dy,
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The following equations are obtained after orientation of the flux, the rotor flux is
controlled by acting on the current Ids, while the torque can be controlled with the stator
current Igs:

Vys = GLSd—tS + Rsigs — 0LsWqigs + LToTtr (16)
diqs . . Lm
Vgs = GLSE + Rgigs + 0Ls®gigs + i (N (17)
T
The expressions for the couple and flux are as follows:
3PL
Te = T;n(gdrlqs) (18)
Dgr = Lmlgs (19)
The rotor pulsation is represented by
Limlgs
"B Prd =P @0)

_1_ Ly? _ L
where 0 =1 e o and B; = R

4. Simulation Results

Simulations of the proposed system were performed in Matlab Simulink under differ-
ent conditions to test the performance of the system, as shown in Figure 8.

(W/m2)1 v =
I: Vdql flux_dqr| [speed]
E P Va1 vB S
A Y . ) pout
»TETA
L wm - [Tpump]
IM + PUMP [Te)
<[Vboost]]
INVERTER

Figure 8. Solar pump simulation design.

In the first step, we chose to change the radiation from 500 W/ m? to 1000 W/m?,
before stabilizing at 500 W/m? while maintaining the temperature to test the effect on PV
system performance of sudden changes in radiation, as shown in Figure 9a.

In the second step, the P&O and INC MPPT techniques were applied to the system
one by one, using the variable step which is changed with respect to the maximum power
at their location.

In Figure 9¢,b, first, it can be observed that rapid changes in atmospheric conditions
(increase or decrease) produce a change in the output voltage of the PV, leading to changes
in the output of the boost converter. Second, based on a comparison between P&O and
ING, it can be seen that both methods of MPPT can achieve MPP tracking, but simulating
Vboost at (0 to 0.1 s) and (at 3.05 to 3.5 s) shows better results in INC than in P&O, with
less oscillation.

In Figure 9d, the variation in electromagnetic torque when the irradiance changes can
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be observed. It can be seen that for P&O at (0 to 0.05) and (1.45 to 1.55), the deviation is
higher than that for INC, leading to greater torque stability in INC than P&O.

Figure 9e shows the rotor speed variation of the induction motor using the two
techniques of MPPT. Good responses in starting performance and steady-state can be
observed, with good dynamics and negligible overshoots and without static errors. It
can also be seen that the rotor speed follows the reference values and is affected by
the increase/decrease of irradiation from (500 W/m? to 1000 W/m?)/(1000 W/m? to
500 W/m?).

Figure 9f,g shows the variation of stator currents with P&O and INC. It can be seen
that the stator currents increase with solar radiation; in addition, it can be seen that the
peaks in P&O are greater than those in INC, which can affect system requirements by
increasing the cost of the inverter and converter.

Figure 9h,i depict the variation in direct current (Isd) and quadratic current (Isq). It can
be seen that Isq changes according to torque variation. In contrast, Isd varies according to
flux variation, which shows the strength of the indirect field-oriented control with respect
to decoupling between torque and flux.
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Figure 9. (a) Solar radiation. (b) Output voltage of the PV. (c) Output voltage of the boost converter. (d) Torque Evolution
(N.m). (e) Mechanical Speed (f) Stator current—P&O. (g) Stator current—INC. (h) Current Isd. (i) Current Isq. (j) Flow
pump evolution (m3/s). (k) Motor output power. (I) Output voltage of the PV.

Figure 9j shows the evolution of the flow rate of the pump. It can be seen that both
MPPT techniques have the same results, with barely noticeable distortions more in P&O
than INC.



Electronics 2021, 10, 3076

11 0of 13

Figure 9k,1 show the PV power (Ppv) and motor output power (Pout) with variations
in solar irradiation, and it can be seen that the power is dependent on the increase or
decrease in irradiation; in addition, the comparison between (Ppv) and (Pout), which is
Pout = Ppv, shows that losses due to motor efficiency are system losses.

5. Conclusions

In this work, photovoltaic water pumping performance was successfully improved.
Based on simulation studies under sudden changes in climatic conditions, the performance
of the system using IFOC was analyzed. A comparison between INC and P&O with the
implementation of a variable step was made. The results of this comparison showed that
the P&O algorithm presented oscillations around the optimal value compared with INC,
which exhibited less oscillation and behaved better during sudden changes in irradiation.

In addition, the operation of the motor with incremental conductance achieved better
results in the simulation than perturb and observe with respect to the stator current and
electromagnetic torque of an induction motor. P&O exhibited some undesirable deviations,
leading to increased peaks in the converter and inverter, thus increasing the cost of the
system components.
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Appendix A

Table A1l. Parameters of the PV module.

PV Parameters Symbol Values
Maximum Power Pmp 270,116 W
Open circuit Voltage Voc 379V
Voltage at MPPT Vmp 308V
Short-circuit current Isc 9.07 A
Cells per module Necell 87 A

Table A2. Parameters of the boost converter.

Boost Parameters Symbol Values
Input voltage Vin 338.8V
Output voltage Vout 600 V
Duty cycle D 043
Inductance
Output and input L 3mh
Hiptt and mpt Cin = Cout 6 x 1074 F

capacitor
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Table A3. Parameters of the induction motor.

IM Parameters Symbol Values
Nominal power Pn 1.5 kw
Nominal voltage Vn 220/380
Rated speed @) 1420 rpm
Nominal frequency fn 50 Hz
Stator resistance Rs 4.850 Q)
Rotor resistance Rr 3.805 Q)
Stator inductance Ls 0274 H
Rotor inductance Lr 0274 H
Mutual induction Lm 0.258 H
Number of pole pairs ) 2
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