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Abstract

Today, the exploitation of photovoltaic energy offers an inexhaustible supply of energy but above all clean and non-
polluting energy, and due to the increase in electricity costs, photovoltaic solar pumping systems have become a good
solution, especially in rural areas, which is a definite advantage. These have had a large share in photovoltaic energy
application projects and they belong today to the most significant applications of photovoltaic energy. This work
presents an autonomous photovoltaic water pumping system driven by an asynchronous motor.

First, a modelling of all the components of the pumping system chain is made, second, and to improve the
performance of the system, we detail the technique disturb and observe (P&0) which makes it possible to understand
how we can achieve a system with less oscillations and greater efficiency when monitoring the maximum power point
of the PV panel for variations metrology and the use of the MPPT technique.

Then, the converter is combined with a voltage source inverter to convert direct current to alternating current to
power the asynchronous motor, to operate the centrifugal pump. Finally, a simulation of the assembly is made using
the MATLAB Simulink platform and the set of results are of great importance for the management of this type of
installation.

Keywords: AC motors, Charge-pumping, DC-DC power converters, Maximum power point trackers, Photovoltaic
systems.

1. Introduction store water until it is used. In this general context, our

. . L work focuses on the study and simulation of a
The energy needs of industrialized societies are Y

. . . . hotovoltaic pumping system without battery "pum
constantly increasing. Moreover, emerging countries P pumping sy y pump

. . over the sun". This pumping system is a practical and
will need more and more energy to carry out their pumping sy P

economical solution to the problem of lack of water
development [1].

especially in desert regions [4].

The systematic use of fossil fuels, such as oil, coal and

. First, we will present a general approach on the
natural gas are the most widespread for the P & PP

. .. . . hotovoltaic energy. Second, we will establish the
production of electricity, makes it possible to have low P gy

. . modelling of a photovoltaic generator and the various
production costs but leads to a massive release of } ]
components of the photovoltaic pumping system and
then, we will present the MPPT method then the

simulation and the interpretation of the results. We

polluting gas. Thus, the electricity production from
these fuels is the source of 40% of global CO2
emissions [2]. Renewable energies offer the possibility ) )
. - . will end our work with a conclusion.

of producing electricity cleanly and above all with less

dependence on resources, on condition of accepting This paper presents the analysis, modelling and
their natural fluctuations [3]. control model of the electrical part of a PV generation
system using a boost converter, connected to an

A photovoltaic pump basically comes in two ways

depending on whether it works with or without a asynchronous motor which supplies a centrifugal
pump illustrated by the synoptic diagram given in

battery. While the first uses a battery to store the Fio 1
ig.1.

electricity produced by the photovoltaic modules, the
battery-less pump "pump over the sun" uses a tank to

1102



Journal of Harbin Engineering University
ISSN: 1006-7043

oy
P A
2 covTROL CABINET
cExERATOR,

Fig. 1. Synoptic diagram of the PV system

2. Description And Modelling Of The System

Figure 2, shows the block diagram of PV module with
boost converter for water pumping application,
consisting of the following five blocks: Photovoltaic
module; boost converter; PWM inverter PWM; Three-
phase asynchronous motor and centrifugal pump.

PV D C DC Asynchronous
MODULE > ! 2 Motor
” DC AC
A
A4
Centrifugal
> MPPT PWM Pump

Fig. 2. Block diagram of MPPT based PV module with
Boost converter for water pumping application

The PV module produces a low DC output voltage
which will be amplified with a Boost converter and
since the output of the PV generator varies, an MPPT
algorithm is used to track the maximum power of the
PV module [5].

Here, the Perturb and Observe (P&O) algorithm is
used due to its simplicity and ease of implementation.
Power and current are taken as input to the P&O
algorithm. By analysing power and current variations,
a corresponding duty cycle is produced. This duty cycle
signal is given as a gate signal for the boost converter.
The amplified output DC voltage is converted into a
three-phase AC signal using a PWM inverter. The
inverter output voltage (380V) is given to the motor to
drive the centrifugal pump [6]

2.1 PV generator model

A photovoltaic generator (GPV) or module consists of
a set of elementary photovoltaic cells, connected in
series and/or parallel in order to obtain satisfactory
electrical characteristics such as power, short-circuit
current or circuit voltage open. To find the model of
the photovoltaic generator (GPV), you must first find
the equivalent electrical circuit [7].The photovoltaic
cell is also represented by the "standard" model with a
single diode. This model has a as shown in Fig. 3
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Fig. 3. Photovoltaic cell circuit.

The expression of the current | then becomes:

I=1,—1 [exp(

e(V + Rl

)-1]

V + Rl
Ry )

Iph is a light-generated current or photocurrent [5].

PWX 500 PV module (49W) characteristics at 25 °C and

1000W/m? is given by table |

TABLE I. Parameters of the PV module.

Parameters Values
P max 49 W
Imp 2.88A
Vmp 17V
Isc 3.11A
Voc 21.8V
RS 0.45Q
RP 310Q
Ns 36

Using equation 1, we were able to trace the variation
curves of the I-V characteristics.

Fig. 4. (a) I-V characteristics for different irradiation
levels for constant T and (b) I-V different
temperatures for constant irradiation.

It is found that the increase in irradiance results in a
large increase in the short-circuit current but a slight
increase in the open circuit voltage. On the other
hand, the high temperature lowers the open circuit
voltage for fixed irradiance

2.2 Converter DC/DC
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The chopper is a DC/DC converter that converts DC
energy at a given voltage (or current) level into DC
energy at another voltage (or current) level [6].

The chopper consists of capacitors, inductors and
switches [8].

L . L D Id

revn %4)—1
Vpv Ie
T °_| o Tc T\Jm

|

Fig. 5. Circuit diagram for Boost DC/DC converter

The inductor is used to smooth the current drawn on
the source. The capacitance C is used to limit the
output voltage ripple. Switch S is closed for time aT.
Energy is stored in L, diode D is blocked. The blocking
of S leads to the discharge of the inductor [9]. The
operating principle of this type of chopper can be
explained as follows:

When the switch is in position 1, the circuit is
separated into two parts: on the left, the source
charges the inductor, meanwhile, the capacitance on
the right maintains the output voltage using the
energy previously stored

2.3 Power Maximization Control
e MPPT command

By definition, an MPPT control, associated with an
intermediate adaptation stage, makes it possible to
operate a PV generator so as to permanently produce
the maximum of its power [10].

e Disturbance and observe (P&0O) command

This command is a most widely used maximum power
point (PPM) tracking algorithm, and as the name
suggests, it is based on the disturbance of the system
by increasing or decreasing Vref or by acting directly
on the duty cycle of the DC-DC converter.

Then observing the effect on the output power with a
view to possible correction of this duty cycle [11].

This causes a power loss that depends on the step
width of a single disturbance Cp
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Fig. 6. PV and boost converter with MPPT
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Fig. 7. Output voltage waveform of PV system

For a constant irradiance, we note the reliability of our
proposed model, since the goal is to have a voltage at
the output of the boost higher than that given by the
photovoltaic generator which the values have been
defined beforehand (Vo = 380 V and Vs = 100 V) in Fig
7. (a).
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By varying the irradiances with the bloc of Simulink
Repeating Sequence Stair at Vector of output values:
[1000 200 600 1000] the voltage in the load vary with
the irradiances (Fig 7. (b))

2.4 Inverters (DC/AC converter)

Inverters are static circuits, which transform electrical
power in direct form into power in alternating form, at
a desired value of voltage or current and frequency.
The output voltage of an inverter has a form periodic
wave which is not sinusoidal, but which can be very
close to the desired waveform [12].

The inverter obviously works with a PWM signal
generation circuit controlled by a regulation circuit
and protection. The latter ensures the optimal transfer
of power from the solar generator to the motor pump
unit and protects the pump against dry running when
there is no water in the well [13].

Fig. 8. Pulse width modulation (PWM) control

Among the most widely used PWM control techniques
is the triangular-sinusoidal technique. It is obtained by
comparing two signals, a carrier signal V, and the
reference signals Viey.

Defining the logic function Sj as shown in the figure
below. These logic functions associated with the
control signal are defined by:

1 si V., 2V,
10 si V., <V,

ref

()

The carrier is defined by the following formula with n:
natural integer.

g efmfety]
_T;:t+(4n+3) si teKnJr%].pr(n+l)-Tp} 3)

The reference signals are given by the following
equation:avec j=1,2and3

T

V. :Vm.sin[(Zﬂf n-2(j- 1).3}
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In the form of Simulink blocks, the generation of
pulses can be represented by the following diagram:
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e

Fig. 9. The control of the inverter switch

The PWM is necessary for controlling two VSI levels of
the inverter. Fig. 9 shows a comparison of two signals,
which are responsible for controlling the inverter
switches.

Qutput vohage Inverter Ysa [V]
T T

E i i
0.95 098
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Fig. 10. Phase-to-neutral voltage at inverter output

In Fig.10, the use of sine-triangle pulse width
modulation, line voltages were obtained at the output
of the inverter that are not purely sinusoidal, because
of the harmonics which generate losses and heating in
the PV system, especially when connecting the
inverter with the induction motor [13].

2.5 Model of Asynchronous motor

For a three-phase asynchronous machine supplied

(Vds Vqs )

with voltage, the stator voltages and the

speed of the rotating field @y are considered as
control variables, the resistive torque Cr as
disturbance. We choose in our case, the following
state vector [14]:

X, :(Ids ls Por ¢qr) (5)

This choice of variable is justified on the one hand by
the fact that the stator currents are measurable and
on the other hand by the desire to control the norm of
the rotor flux in the control law [15].

After simplification and rearrangement of the
equations of the asynchronous machine in the Park
frame, we obtain the model of the machine in the
form of an equation of state:
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X, =AX, +BU (6)
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The complete model of the system is given by this
equation [16]:
3 M
Ce =E pf(¢dr|qs_¢quds)
' (8)
do,
dt

:(ce _Cr - err )/ J

Then the model of the MAS supplied with voltage is
found with 5 equations (2 magnetic + 2 electrical + 1
mechanical)

This mathematical model of MAS can be put under a
Simulink scheme based on "Fcn" blocks, integrators
and 'Mux'. The Simulink block diagram of the motor
can be reduced to a single block where the inputs are
the three-phase supply voltages and the mechanical
load, while the outputs are the stator currents, rotor
flux, electromagnetic torque, and speed
[17].Parameters of this motor are given in Table Il.

TABLE Il. Asynchronous machine parameters

Power: P=1.5kw
Voltage U=380/220V
Frequency: f=50Hz

Rotation speed N=1450rpm

Number of pole pairs | p=2

Stator resistance: Rs=4.85Q)

Rotor resistance Rr=3.81Q

Vol 44 No. 12
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Stator inductance Ls=0.274H
Rotor inductance Lr=0.274H
Mutual inductance: Lm=0.258H

The moment of | J=0.031kg.m?
inertia:

The coefficient of | fr=0.0114N.m/rd/s.
friction

2.6 The centrifugal pump

The operating theory of centrifugal pumps shows that
between the inlet and the outlet of the impeller, the
total mechanical energy of the fluid stream is
increased, this increase comes from an increase in the
pressure energy on one hand and also an increase in
the kinetic energy, the latter is transformed into
pressure energy by progressively slowing down which
is obtained in a part placed inside the wheel called
cochlea, this one ends in a divergent cone [18].

The centrifugal pump is mainly characterized by a
resisting torque, which is of the following form:
Cr = kp.w? (9)
Where:
kp: Proportionality coefficient [Nm/ (rad.s-1)?]
w: Angular velocity [rad.s-1]

With:

kp =3 (10)

w3
e  Power calculation:

A pump is a machine that supplies energy to a fluid in
order to move it from one point to another. The
general expression of the hydraulic power is given as
follows:

Ph=p.g.Q.H 11)

Ph is the power that the pump transmits to the fluid W
(watt)

The other expression considered is that of the power
absorbed by a pump, i.e. the power required for its
mechanical drive, which is expressed by the following
relationship:

Pm —9.81.pH. 2

np (12)
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With

Pm: Mechanical power of the engine
H is the total height (m)

P : pump performance

p: Density of water (1000Kg/ m3)

Q: Flow (m3/s)

e Yield calculation:

PH
nm=_"
Pa (13)
For electric pump sets (pump + motor), manufacturers
generally give the overall efficiency curve.

The water flow related to the mechanical power
absorbed by the pump is given by the following
relationship:

Pm.ap
p.g.H

Q= (14)

If we assume that the efficiency of the coupling is
equal to one, then the mechanical power of the motor
(useful) is equal to the power absorbed by the pump.
Knowing the efficiency of the motor, the electrical
power absorbed by the motor is:

_Pu
Mm (15)

Pa

Where aldehydePu is motor power and 7, is motor
efficiency

3. Simulation Of The Global Chain

To test the proper functioning of all the elements of
the system, the Simulink environment was used, the
block diagram is represented as follows (Fig.11).
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Fig 11. Block diagram of the photovoltaic pumping
system using MATLAB/Simulink

The squirrel-cage asynchronous motor has several
advantages in their simplicity of construction and
maintenance, their mechanical robustness and their
low cost price. It is very commonly used in a power
range from a few hundred watts to several thousand
kilowatts. This motor is characterized by stable
operation, nearly constant speed and high efficiency
around the rated load [18].

Elcnragsie i C4 ]

Fctisnsgatc wuge Ce sy

Fig 12. Electromagnetic torque Evolution (N.m)

In idle mode without the pump Fig.12 (a), the
evolution of the torque in the first time is a typical
characteristic of all squirrel-cage induction motors.
This one presents at the first moments pulsations very
important. During the transient regime, the torque is
strongly pulsating, and then stabilizes at the end of the
regime, in the load regime Fig.12 (b).
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Fig 13:.Evolution of the stator currents and the rotor
Flux

On starting, the motor current is limited within
authorized limits from which there is a soft start in
Fig.13 (a), the rotor flux is given by Fig.13 (b).
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Fig 14. Speed Waveform of Asynchronous Motor

After the simulation, it was noticed that the rotational
speed of the asynchronous motor would evaluate over
time and reach its nominal speed (156 rad/s or 1500
rpm) in a slow time, with a tendency to oscillate due
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to the inertia of the rotating masses and the damping
coefficient due to the low flux values, in Fig.14.

It is clear from the figure below that the speed of the
asynchronous motor is constant without any
oscillation. The motor is controlled by V/f control
technique. The speed of the motor depends on the
frequency of the supply voltage.

Pout [w]

1600
1400
1200
1000

Fig. 15. Motor output power (Pout)

In Figure 15, we can see the evolution of the Pout of
the motor with the pump as charge. this power
absorbed by the motor of the order of 1650 Watt,
which is greater than its mechanical power (1500
Watt). The power to be supplied by the photovoltaic
generator will be determined by the nominal power
requested by the motor-pump assembly

0 El=ctromagnetic tore Ce [Nm] and Pump tarque Cr [Nm]

35

L] T TR OO PRI SO

a 05 1 15

Time offset: 0

Fig 16. Electromagnetic torque Ce and resistive
torque Cr (pump).

The electromagnetic torque perfectly follows the
torque pump resistant

The starting and steady state behavior of the
motor+pump at 1000 W/m? are shown in Figure. 16.
All motor indexes such as the speed N, the
electromagnetic torque Ce and the load torque
offered by the pump Cr reach their nominal values
under steady state conditions because the MPP is
followed. A small pulsation of Ce results from the
electronic switching of the motor

w10 Flow rate [m32s]

El
7
5
5
Al ]
3
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1
[:)

i i
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Fig. 17. Shows the evolution of the flow rate of the
pump

Figure 17 shows the evolution of the flow rate. The
water flow sees its value reach 7.8 x 10* m3/s of the
pump. It can be seen that MPPT techniques have in
P&0O shows that losses due to motor efficiency are
system losses.

By varying the irradiances in the last Fig.18, we can
show the evolution of the stator currents in Fig.19.

Iradiances [ A1)
. L3 L —

1000

Fig 18: Solar radiation and stator currents

Currents statar [4]] matar+pump)

-

Time

Time offset: 0

Fig. 19. Zoom of the stator currents for two different
irradiances

The motor draws its rated current of 6.1A at
G=1000 W/m? and 3.4A at G=600 W/m?A and achieves
its rated speed of 1500 rpm, driving water pumping at
full capacity. It can be seen that the current is
dependent on the increase or decrease in irradiation

4. Conclusion

In this work, it is a question of modeling, simulating a
photovoltaic generator associated with a DC-DC
converter controlled by MPPT, intended to control an
asynchronous machine through a DC-AC converter
supplying in last a centrifugal pump. To do this, we
started with a general study on photovoltaic
conversion, followed by the development of a
mathematical model for the PV panel based on a
circuit equivalent to a diode. At the end of the
simulations carried out, we noted a strong
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dependence of the performances of the photovoltaic
module according to the climatic conditions, in
particular the irradiance and the temperature of the
module. The role of interface between the two
elements by ensuring, by a regulating action, the
transfer of the maximum power supplied by the
generator so that it is as close as possible to the
maximum power. The second part of this work was
the subject of sizing of DC-DC converters commonly
used in photovoltaic conversion chains. The output is
transformed into alternating voltages thanks to an
inverter controlled by a PWM thus feeding an
asynchronous motor and as a load; we have inserted a
centrifugal pump.

The solar PV panel-based asynchronous motor water
pumping system using DC-DC step-up converter has
been proposed and its applicability has been
confirmed by performance evaluations under practical
operating conditions. Therefore, we can propose the
integration of this system for pumping water as a
feasible solution in a context of simplicity, efficiency,
reliability and availability.
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