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Enhancing Performance of Photoveltaic Pump Systems
in Remote Areas Using a Sliding Mode Technique
for Maximum Power Point Tracking
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ABSTRACT: Photovoltaic (PV) systems represent an extremely intriguing alternative in order to provide dry and semi-arid regions in
remote locations with water. In this case, a maximum power point tracking (MPPT) unit that aims to regulate the PV panel connected
converter duty cycle is necessary to ensure that it operates as efficiently as possible under various operating situations. This study
introduces a sliding mode technique-based MPPT control unit with the goal of enhancing photovoltaic pump (PVP) system performance.
It discusses this for a number of scenarios, including the presence or absence of batteries, operation under various radiation conditions,
and operation in consideration of constant speed and variable load torque. The outcomes of the MATLAB simulation demonstrated that
the proposed methodology is preferable compared to the incremental conductance method for the various scenarios, and it achieves better

efficiency and lower voltage ripples.

1. INTRODUCTION

ocus has shifted increasingly towards power generation

from renewable energy sources due to the current situation
of energy sources being available to meet high-power require-
ments. These resources are extremely plentiful and have a sig-
nificant amount of potential to close the energy gap and handle
the demand that is increasing at a frightening rate. The power
from the sun is abundant, clean, and ideal for the use in rural
areas to utilise for water pumping [1, 2].

Because it is simple and straightforward to adopt, clean, free,
and easy to maintain, solar energy generation via PV panels is
widely utilised for both linked to the grid (on-grid) and not con-
nected to the grid (off-grid) systems [3]. These and other factors
have elevated solar energy systems to the status of one of the
most promising energy sources, particularly in isolated places
where it may be the only other option for supplying necessary
electricity [4, 5].

Recent developments in semiconductor technology and the
appearance of power electronics devices have significantly
improved methods for energy conversion. This has greatly
increased the amount of large-scale PV electricity produc-
tion [3, 4]. As an interface between the PV panels and the pump,
power electronics converters are used [5]. As a result, before
using an inverter, the DC voltage from the PV panels must be
increased. This is the first topology of the PVP drive topology,
which is more practical. The only component of the second
topology is a DC/AC converter, which is employed to max-
imise PV power and drive a motor pump. Because fewer elec-
trical components are used in this layout, there are fewer energy
losses [6].
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A solar-powered irrigation pump has a number of benefits
since it increases system dependability while requiring the least
amount of operation and maintenance [7, 8]. It guarantees high
efficiency and is cost-competitive with grid-connected water
pumping systems and diesel generators [9].

Freestanding PV water pumps powered by an induction mo-
tor (IM) is currently quite common in the business and for agri-
culture [10, 11]. One significant problem of PV system array
driven water pumps is that their water discharge changes with
the change in insolation. Researchers have concentrated on
the grid integration of freestanding PV system supplied water
pumping systems to solve this issue [10] and other storage sys-
tems such as batteries [7].

IM control is very complex. This complexity is primarily
caused by nonlinearity of its model and strongly coupled na-
ture. A further limitation is provided by the presence of para-
metric uncertainty. Several nonlinear control strategies have
been put out for IM drive as Backstepping control [11, 12] and
sliding mode controller [3, 13]. Some use intelligent controllers
like fuzzy logic [14, 15] and artificial neural networks [16, 17].
However, the most popular way is the employment of the v/f
technique, which has several benefits like simplicity, conve-
nience of use, and low cost [18, 19].

Going back to the first step of the PV pumping system, the
generation of PV output power is influenced by environmen-
tal factors (such as irradiance, panel temperature), load change,
and non-linear panel characteristics. So, an MPPT controller
that aims to regulate the converter duty cycle is necessary to
ensure that the PV array operates as efficiently as possible un-
der various operating situations [20,21].

The most used algorithms for MPPT are perturb and ob-
serve (P&O) and incremental conductance (IC). Numerous
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Nomenclature
A A fact.or related to the me?terial D is the duty cycle
from which the (PV) panel is made.

I The short-circuit current of the solar cell. \% Voltage at both ends of the (PV) panel.

Kr Current coefficient. Ns The number of cells within one plate.

G The radiation incident on the solar panel. e The charge of the electrﬁolr; is estimated

at1.6 x 107",

K Boltzmann gas constant, 1.38 x 10~ 23 J/K. E, | Gap power of the semiconductors used in the (PV) cell.

T The absolute temperature of the cell, expressed in Kelvin. | V. The open circuit voltage of (PV).

Wk The speed of the reference frame. P A number of pole pairs.

Ws The synchronous speed. Lo, Magnetizing inductance.

w The electric speed of the rotor. L Stator inductance.

Q Mechanical speed of the rotor. L, Rotor inductance.
Vsqs Vsd Are stator voltage components. J Rotor inertia.
lsq, sd Are stator current components. f Friction coefficient.
Drg, Prg Are rotor flux components. Ta Load torque.
Dy, Psq Are stator flux components. Trey The reference temperature, expressed in Kelvin.

Vs Is the amplitude of phase voltage (volt)

V/F contoller
ey > JeeT | -
[Vov ontroller - :Ih | L inverter b indr::gg;)rn
BV Arra j__ converter T de-link L
y T ]
battery

FIGURE 1. The block diagram of inverter driving IM feed by PV system.

techniques such as optimization algorithms [22, 23], fuzzy logic
systems [24], and artificial neural networks [25,26] have been
previously introduced to design peak power point tracking con-
trollers. Nonlinear control systems were also used such as back-
stepping [27] and sliding mode, typically used for controlling
power electronic converters, which represent instances of vari-
able structure systems. Recently, PV systems have adopted this
technique [28].

In this paper, we aim to simulate a PV system feeding an IM
that can operate either as a water pump, where the torque on
the motor shaft is proportional to the rotational speed and the
amount of water pumped, or as a constant speed variable load
motor, with a battery storage system.

To control the IM, a v/f approach will be adopted, and a sim-
ple MPPT module based on the sliding mode technique will be
applied.
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2. CONFIGURATION OF PROPOSED SYSTEM

Figure 1 shows the structure of the proposed system, which con-
sists of the following:

1. PV panels
2. boost converter

3. battery

4. voltage source inverter
5

. IM controlled by v/f approach.

3. MATHEMATICAL SYSTEM MODEL
3.1. PV Model
3.1.1. Modelling PV Cell

The PV panel is primarily made up of PV cells, which are semi-
conductor materials. Connectors are also included as protection
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FIGURE 2. Equivalent circuit for a single PV cell model.

and support parts. The electrical circuit model, as seen in Fig-
ure 2, typically serves as a representation of the PV cell [29, 30].
The mathematical model of PV cell is given as:

G _V+IR,

I = [Isc+kI(Tc*Tref)]m* D R N (1)
e(V+ 1R,
;o I ( T. )3
oxp { et — 1} ) \Tres
e- B, 1 1
exp{ kA [Tref - Tc:| } ©)
Whereas:

3.1.2. Boost Converter Model

To extract the most power possible from PV, the DC-DC con-
verter must be managed. The boost chopper model used in this
paper is depicted in Figure 3, and its dynamic model is provided
below [31]:

vV, 1

V, 1-D @
dI,  —(1-D)V,+V,

dt L )
dv, _ (I_D)Is_jo

dt C ©)

3.2. IM Drive System Model

3.2.1. IM Drive System Model

The following equations represent a 3-ph IM mathematically in
a reference d-q frame rotating at wy, [32]:

di

djtd = —G5isq + Wiisqg + a3Pra + asw g 4 bvsg (7)
dis,g . -

dt = —Wklsd — A5lsq — QW Prqg + azPrg + b’Usq ®)

, E > lo
IJ y _L i
V, _l . e LOAD | y
FIGURE 3. The structure of the boost chopper.
do .
d;d = agisq — a1Pra + (W — w)Pyy )
do, .
dtq = agisqg — (W — w)Prg — a1 Py (10)
dw p . . f
> _ £ - —Ty) — = 11
I J(G(I)rdzsq Gq)'rqlsd d) JW ( )
¢sa - /(Usa _isaRs) (12)
By — / (035 — isaRs) (13)
@] = /o2, + 92, (14)
a; = B a LBy as = Lntty
1 = LT7 2 = Lr ; 3_0'L5L%’
o Lo LRLLR
YT GLL P T oL,z
1 PL,, L?
_ _thm —1_ m — PQ
b= C=T.° L.L, "~
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The relation (15) (park transformer) is used to convert the
electrical signals from a, b, ¢ frame to d, g frame rotating at wy
or vice versa [33, 34].

|:Xd:| cos(f) cos(Oy — %“) cos(fy + %’r)
Xq] —sin(6y) —sin(f — Z°) —sin(6g + 2F)
Xa
Xy (15)
X

3.2.2. Voltage Inverter

The voltage inverter shown in Figure 4 consisting of six tran-
sistors converts the DC voltage provided by the output of the
boost converter into an AC voltage used to feed the IM. The
voltage inverter feeding the IM is driven using sinusoidal pulse
width modulation (SPWM) technology, as shown in Figure 4.

Figure 5 depicts the signal creation based on a comparison of
the triangle waveform and the three-phase control waveform.
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FIGURE 4. Structure of inverter feeding the indiction motor.

FIGURE 5. SPWM technology for 3-ph inverter.
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FIGURE 6. The flowchart of INC algorithm.
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FIGURE 7. The block diagram of the SM MPPT controller.
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FIGURE 8. The block diagram of v/f controller and reference speed adjustment mechanism.
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FIGURE 9. The photoelectric radiation profile.
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TABLE 1. The number of panels used and the parameters of each panel.

Parallel strings 15
Series-connected modules per string 20
Maximum Power (W) 152.4
Open circuit voltage Voc (V) 21.2
Voltage at maximum power point Vmp (V) 17.23
Short-circuit current Isc (A) 9.27
Current at maximum power point Imp (A) 8.85
Maximum Power all panels (W) 45720
Voltage all panels (V) 344.6
Current all panels (A) 132.75
Total number of panels 300 Panels

= \/oltage of PV using mppt SMC

Voltage of PV using INC algorithm

250 X: 2.248 ]

E Y3593 X: 2.344
- 200 360 [ ] Y: 354.4 f

=
150 350 |
100 340 |
| |

50 30 L : X: 2.244 —— ‘ ]

2.15 2.2 2..Y: 3329 2.35 2.4

0 f ! ! { |
0 2 4 6 8 10 12
time (sec)

FIGURE 10. The voltage changes at the terminals of the PV panels.

4. CONTROL SYSTEMS DESIGN

4.1. MPPT Control

Only 12% to 25% of solar energy is transformed into electricity
by PV panels, which have a high initial cost of installation and
poor energy output. Researchers have investigated a number
of ways, including using an MPPT controller and printed thin
PV cells, to boost the overall quantity of electric energy pro-
duced [25]. An MPPT unit consists of a power converter and
an embedded electrical system with a control algorithm. Ev-
ery PV installation is designed to absorb the maximum energy
feasible in the present under all imaginable operating and envi-
ronmental conditions [21,25].

The maximum power point (MPP) of a PV cell’s current-
voltage curve can be located using an open-loop control method
called the incremental conductance (INC) algorithm. This is
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based on the PV power derivative with respect to PV voltage,
which is equal to zero at MPP, negative to the right of MPP, and
positive to the left of MPP [28]. Figure 6 is an illustration of
the INC algorithm flowchart.

In the second step, a simple and efficient MPPT control sys-
tem is designed, based on the sliding mode technology. By us-
ing sliding mode technique, the system is regulated by a control
unit such that the states of the system are always headed for a
sliding surface. The error ¢ of the state is used to define the
sliding surface. The control signal Uc of the system is chosen
based on the error trajectory’s distance from the sliding surface
and its rate of changes. To change the state trajectory towards
the equilibrium surface and keep it there, choose a switching
control method as follows [32]: Return

U. = —ksign(s) (16)
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FIGURE 11. The power of PV.
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FIGURE 12. The speed of the pump.
In PV systems, the MPP is achieved when (g—{j = 0) [21], where U, in (18) denotes the duty cycle for the boost converter.
where: Figure 7 shows the block diagram of the sliding mode (SM)

MPPT controller.

dP  d(VI av dI
= (d—V> =I5 +V o =0atthe MPP - (17)

4.2. V/F Control of an IM

Therefore, to implement a sliding mode MPPT controller, the Scalar control and vector control are the two main types of con-
control law is given in (18) as follows: trol systems used in IM drive [35]. By maintaining a constant
voltage to frequency ratio, the scalar control offers an easy-to-
. dP use method of managing the speed of an IM. In the steady-state,
Ue = —ksign v (18) this technique offers a good response [36,37].
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FIGURE 13. The electromagnetic torque of the pump.
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FIGURE 14. The mechanical power of pump.

The goal of v/f control is to maintain a constant volt-
age/frequency ratio (v/f), which keeps the magnetic flux
(®s) in the air gap at its rated level. To achieve this, the
following relationship between voltage and frequency must be
achieved [15, 35]:

(19)

where w; is the frequency (rad/sec). k,, is the ratio of V to w;.
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Figure 8 shows the block diagram of the v/f control system,
where the reference speed is determined according to a pattern
determined by the designer, either a fixed value is chosen, or
it is determined according to the dc link voltage related to the
power coming from the PV panels, as the dc link voltage in-
creases with increase of this power, and thus the motor speed
increases or vice versa.

170

k. — Qnominal o
Y Vyenominal 780

= 0.21795rad - v/sec.
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FIGURE 15. The rotational speed of the pump.

TABLE 2. Simulation results for the first scenario (pump operating without battery).

Ir = 1000 w/m*
PV power Speed pump electromagnetic torque Pump power
(kw) (r.p.m) (N.m) (Kw)
SMC 45.33 1706 239.4 39.43
INC 45.15 1703 238.5 39.25
Ir = 966 w/m?
PV power Speed pump electromagnetic torque Pump power
(kw) (r.p.m) (N.m) (Kw)
SMC 43.84 1688 233.8 38.17
INC 43.69 1686 233.1 38.01
Ir = 926 w/m®
PV power Speed pump electromagnetic torque Pump power
(kw) (r.p.m) (N.m) (Kw)
SMC 42.06 1664 227.4 36.57
INC 41.95 1662 226.7 36.48

4.3. Design of Pump

When the motor operates as a pump, the load torque is propor-
tional to the rotational speed according to the following rela-
tionship [19]:

Ty = kpumeZ (20)

Tdn ominal —

where kpump = 3

nominal

2
200 = 0.0069 N-m/(%2)",

5. SIMULATION RESULTS

The photoelectric radiation profile is shown in Figure 9, and the
temperature value was set at 25°C. The parameters of panels is
shown in Table 1.
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The pump’s output power is 34 kW. Consequently, the num-
ber of panels was selected to ensure that their power is appropri-
ate for the pump, accounting for losses and efficiency. A total
of 300 panels were chosen, with a collective capacity of 45 kW.
These panels are distributed among 15 series, each comprising
20 panels, to achieve an approximate voltage of 345 V. Using
a DC-DC boost converter, the final output DC voltage is in-
creased to approximately 780 V to match the input DC voltage
required by the inverter supplying power to the pump.

5.1. Case 1

To test the efficiency of the proposed control system, the sys-
tem was initially operated without batteries. In this setup, the
reference motor speed was determined based on the DC link
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FIGURE 16. The electromagnetic torque in the pump.
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FIGURE 17. The electric power consumed by the pump.

voltage between the boost converter and the inverter that feeds
the motor, which is related to the power drawn from the PV
panels. Figure 10 shows the voltage changes at the terminals of
the PV panels. Figure 11 shows the electrical power extracted
from PV panels with changes in the intensity of solar irradia-
tion. Figure 12 shows the pump speed. Figure 13 shows the
electromagnetic torque of the PV pump, and Figure 14 shows
the mechanical power of the pump.

Considering that the temperature is 25 degrees Celsius, then
the terminal voltage of the panels must be 344.6 volts, Refer-

140

ring to Figure 10, which shows that the panels voltage fluctu-
ates within a range of [333—360]v when using an incremental
conductivity controller, while it is observed that it fluctuates
within a range of [337-355]v when using a sliding mode con-
troller, it can be said that the latter controller achieves greater
performance and stability for the system.

With the decrease in the value of photoelectric radiation, the
power drawn from the panels will generally decrease, as shown
in Figure 11, however, it is noted from Figure 11 that the SMC
controller achieves MPP tracking with high efficiency and the
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FIGURE 18. The power provided by the PV panels.
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FIGURE 19. The power charged to the batteries.

maximum power point, where the power is greater with fewer
ripples.

In Figure 13, the results show that the electromagnetic torque
of the pump changes with changes in the intensity of solar irra-
diation and changes in the electrical power extracted from the
PV panels.

Table 2 shows the power values corresponding to changes in
solar irradiation intensity and their effect on the performance of
the PV pump (speed, torque, and pump power).

The results presented in Table 2 demonstrate the superior-
ity of the sliding mode algorithm, as it is noted that with the
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change in solar radiation values, the power obtained from the
panels using this technique is always greater, and in return, the
rotational speed and torque of the pump are greater, and as a
result, greater pumping capacity.

5.2. Case 2

In the second scenario, the pump will operate at a constant ro-
tational speed, and therefore a battery (energy storage system,
ESS) must be available to provide the necessary power to oper-
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TABLE 3. Simulation results for the first scenario (pump operating at constant speed).

Ir = 1000 w/m?, Speed pump = 1433 r.p.m, Tem = 171 N-m

power charged to the batteries

(kw)

18.05

PV power
(kw)
SMC 45.50
INC 45.26

17.72

Ir = 966 w/m?, Speed pump = 1433 r.p.m, Tem = 171 N-m

power charged to the batteries

(kw)

16.54

PV power
(kw)
SMC 43.93
INC 43.70

16.26

Ir = 926 w/m?, Speed pump = 1433 r.p.m, Tem = 171 N-m

PV power power charged to the batteries
(kw) (kw)
SMC 42.17 14.85
INC 41.95 14.58
300 T T T T
|
2501 X: 8.145 1
Y: 260
200 g
= X:4.735
€ :
é Y: 150
- 150 | m |
©
o
—
100 ]
X: 0.7949
501 Y: 30 1
|
0 1 1 1 1 1 1 1

time (sec)

FIGURE 20. The load torque changes.

ate according to this mode, and to maintain the stability of the
operate of the motor (pump) despite change of solar radiation.

Figures 15 and 16 show the rotational speed of the pump and
electromagnetic torque, respectively, and Figure 17 shows the
electric power consumed by the pump.

Figures 18 and 19 show the power provided by the PV panels
and the power charged to the batteries, respectively.

Figures 15 and 16 show that the pump operates at a con-
stant speed and torque. The speed is equal to 1443 r.p.m, and
the torque is equal to 171 N-m, so the power consumed by the
pump remains constant as shown in Figure 17 and is equal to
27.16 Kw. It is clear that the power consumed by the pump is
less than the power provided by the PV panels, as the surplus
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power is stored in the batteries as shown in Figure 18. From
Figures 19 it is possible to note the superiority of the sliding
mode approach in achieving greater power from PV and charg-
ing batteries with greater power, regardless of the changes oc-
curring in solar radiation. This is shown in Table 3.

5.3. Case 3

In the third scenario, the speed will be regulated at a fixed value
equal to 1600 r.p.m as the load torque changes as shown in Fig-
ure 20, knowing that solar radiation is a fixed value and equal to
800 w/m?. Figures 21-23 show the motor rotation speed, elec-
tromagnetic torque, and the power drawn by the motor, respec-
tively. Figure 24 shows the energy derived from PV panels,
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FIGURE 21. The rotational speed of the pump.
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FIGURE 22. The electromagnetic torque in the pump.

and Figure 25 shows the battery energy for both MPPT tech-
nologies.

It can be seen from Figure 21 that the drive system achieves
satisfactory and good performance in pursuing the required ref-
erence speed regardless of the value of the load torque applied
to the engine, as the speed value is equal to 1600 rpm. From
Figure 22, it is noted that the electromagnetic torque is initially
large in value, and this is normal due to the necessity of gener-
ating a starting torque for the motor, which make it draw large
electrical power during the start-up period. This is what can be
observed from Figure 23. After exceeding the motor start-up
period, the value of the electromagnetic torque becomes pro-
portional to the value of the torque applied to it, and thus the
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FIGURE 23. The electric power consumed by the motor.

value of the input energy decreases due to the decrease in the
value of the applied torque and increases as it increases.

From Figure 24, it can also be noted that the power derived
from the panels is greater when using SM-MPPT controller, and
from Figure 25 it can be noted that the battery provides the nec-
essary energy for the motor to start during the start period (with
the presence of load torque), then the battery begins charging
after the power drawn by the motor decreases, as long as the
power provided by the (PV) panels is greater than the power
needed by the motor.

At moment 6 sec, the power needed by the motor becomes
greater than the power provided by the PV panels, and then
the battery begins to discharge to provide the motor with the
necessary power, but it is noted that the discharged power is
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FIGURE 24. The power provided by the PV panels.
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FIGURE 25. The power charged/discharged to/from the batteries.
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FIGURE 26. Final diagram of the PV pumping system.

TABLE 4. Simulation results for the third scenario (the motor operating at constant speed and variable load torque).

Ir = 800 w/m?, Speed pump = 1600 r.p.m, load torque = 30 N-m

PV power power of the batteries
(kw) (kw)
SMC 36.54 28.6
INC 36.41 28.12

Ir = 800 w/m?, Speed

pump = 1600 r.p.m, load torque = 150 N-m

PV power power charged to the batteries
(kw) (kw)
SMC 36.54 6.9
INC 36.41 6.6

Ir = 800 w/m?, Speed

pump = 1600 r.p.m, load torque = 260 N-m

PV power power charged to the batteries
(kw) (kw)
SMC 36.54 —-154
INC 36.41 —15.7
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less when SM-MPPT controller is used, as shown in Figure 25.
Table 4 shows a summary of the results of the third scenario.

The results in Tables 2, 3, and 4 show that the electrical en-
ergy provided by the photovoltaic panels is greater if a sliding
mode controller is used for the same value of the optical en-
ergy transmitted to these panels. This means that it makes the
generation system more efficient.

Figure 26 shows the final block diagram of the photovoltaic
pumping system, which was applied in three test cases with a
slight difference. In the first case, there is no battery, while in
the last two cases, there is a battery.

6. A REVIEW OF THE RESULTS FOR THE SCENARIOS
STUDIED DURING THE RESEARCH

The experiences and results drawn from the previous three sce-
narios can be summarized as follows:

1. The PV pump operates without batteries, where the refer-
ence motor speed is determined based on the power generated
from the PV panels under varying radiation conditions. It was
observed that using the SM MPPT controller contributes to the
ability to operate at higher rotation speeds, thus increasing me-
chanical power.

2. The pump operates at a constant rotational speed in the
presence of a battery to provide the necessary power for oper-
ation in this mode and to maintain motor (pump) stability de-
spite changes in solar radiation. It was noticed that the energy
charged to the batteries is higher when using the SM MPPT
controller.

3. The pump operates at a constant speed with variable load
torque, in the presence of a battery. It was observed that the
power charged to the batteries is higher when using the SM
MPPT controller in the event of an excess of electrical power,
while the power drawn from the batteries is lower when there
is a shortage of power from the panels.

7. CONCLUSION

This research aims to improve the performance of photovoltaic
pumping (PVP) systems based on induction motors and to ben-
efit from solar energy and convert it into electrical energy for
the use in irrigation of remote areas. The study explores scenar-
ios involving pump operation (PV) with/without batteries, con-
stant rotation speed with constant/variable torque as solar irra-
diation intensity changes. Simulations in MATLAB/Simulink
have shown that sliding-mode MPPT improves efficiency and
reduces voltage ripples, promising advanced solutions for water
supply in challenging environmental conditions. It is possible
to benefit from this study and apply it in various fields that use
alternating current motors, such as electric cars, air condition-
ing and refrigeration systems, and industrial applications.
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