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Abstract

The work presented in this paper studies the performances of a direct coupled photovoltaic (PV) pumping system such as the water stor-
age is carried out indirectly in a tank. The centrifugal pump is driven by a squirrel cage Asynchronous Motor (AM) fed by three-phase
voltage inverter using a Pulse Width Modulation (PWM) swictching technique. The strategy of Boost converter command by Proportion-
al-Integral (PI) controller is used to feed the motor-pump with constants voltage and frequency. The simulation results in
Matlab/Simulink software show that, on the one hand, the dynamic performances of the motor pump depend of the rotor inertia moment
(or mechanic power) and on the other hand, the evolution of the water volume is not affected by the rapid variations of illumination.
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1. Introduction

The use of the solar energy for pumping water is particularly well
adapted to the rural areas and isolated sites. The increasing de-
mand of water in these zones made that a growing interest is done
to the utilization of photovoltaic (PV) generator as energy source
for several motor-pumps. In fact, the realization of autonomous,
reliable pumping systems with a good efficiency, gives a practical
and economical solution to the water lack problem in desert re-
gions [1].
The majority of the pumping systems now currently established
use as electric actuator the Direct Current (DC) motor or the Al-
ternative Current (AC) motor, particularity the cage asynchronous
motor [2].
The cage asynchronous motor based on PV pumping systems
offers an alternative for a more reliable and maintenance free sys-
tem [3]. It is much used in the industry and the transport. It is ap-
preciated for its robustness, its weak cost of purchase and mainte-
nance, but its command is in contrary more difficult to realize than
for the others electrics machines.
Many strategies have been developed to make it an efficient ma-
chine, even in the commanded systems. In general, the driving
mode of cage asynchronous motor is divided into two classes,
such as:

e Thedrive at fixed speed,;

e The drive at variable speed by using of linked techniques to

the scalar control or vectorial command [4].

The drive at variable speed by cage asynchronous motor allows to
get the controllable dynamic performances with an optimal effi-
ciency and to realize the energy saving contrary to the drive with
fixed speed. But the purchase cost of such equipment for variable
speed is more significant, because it is necessary to include the
cost of the feeding, the command and the sensors. So we have
retained for this work as driving mode, the drive at fixed speed.

This work is organized in two sections: the first section is devoted
to the modeling of the system and the second gives the whole of
simulation works allowing to analyze the performance of the stud-
ied installation.

2. System modeling

The water pumping system considered is composed by a photovol-
taic array constituted with 26 branches of 8 modules series-
connected, a boost converter with his Proportional-Integral (PI)
command, a three-phase voltage inverter, a centrifugal motor-
driven pump and a water storage tank. Its synoptic diagram is
presented in the following figure:

BOOST {vsh | Sophase |vi2ucy] Bphase |w | Water [ | Stomee

lwerter | T AM Pump {| Tay  [*VOLEP

Maotor-pump

Fig. 1: Synoptic Diagram of the System.
2.1. PV array model

As indicated above, a PV array is composed of a several modules
connected in series and in parallel, themselves constituted of PV
cells. Many models of PV cells are used in the literature [5], [6].
Among which, the simplest is the single diode model [7 - 11]
(Figure 2). It will be used in this study because it provides fairly
accurate results.
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Fig. 2: PV Cell Model.

According to the Kirchoff law, equation (1) is obtained:

i=ipp —is [exp (—q(VHrS)) — 1] _ virsi 1

aKT¢ T'sh

Where i and v are respectively the photodiode current and voltage,
iph is the photocurrent, is is the reverses saturation current, rs is the
series resistance, rsh is the parallel resistance, a is diode ideality
factor, K is the Boltzmann constant (1.3854 10-22J/K) and q is the
electron charge (1.602 10-1° C).

The PV module is obtained by replacing each cell by its equiva-
lent model, for the same illumination and temperature of cells. The
equation of the voltage-current characteristic of the PV module is
given by (2).

_ _ q(V+IRg) _ __ V4RI
I=1Ipn =15 [EXP( aKTc ) 1] Ren )
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. : ng ns
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Where Ipn, Is, Rs and Rsh are respectively the photocurrent, the
reverses saturation current, the series resistance and the parallel
resistance of the PV module. ns and np are respectively the number
of series and parallels connected cells.

The simulation of the model in Standard Test Condition (STC)
allows to compare the characteristics of manufacturer (Table 1)
and the ones provide by the model.

Table 1: Data Sheet Parameters of JS180W-36M Module

At the end of the simulation, we notice that the characteristics of
the PV module model are near of these given by the manufacturer.
Therefore, the model is retained for the following study.

2.2. Boost converter and his control

The boost converter is needed to efficiently convert a Direct Cur-
rent (DC) voltage from a lower level to a higher level [11]. It’s
much used in photovoltaic applications [12], [13], particularly in
the solar pumping. The rigorous control of its duty ratio (d) allows
to optimize the photovoltaic power by forcing it to work at the
maximum of the P-V characteristic. Its electric diagram is present-
ed in Fig. 4.

Fig. 4: Boost Converter Scheme.

By using the simplified model, the input value and the output val-
ue are related to the duty ratio (d) by the following expression
[14], [15]:

Von = 155 (4)

Iip=0—d) I ®)

Where Ven and Vsh are respectively the input voltage and the out-
put voltage of the converter; len and Ish are respectively the input
current and the output current.
e  Proposed control strategy of the converter

So as to manage the transfer of energy between the PV source and
the voltage inverter, the boost converter is controlled in voltage
with & Proportional-Integral (PI) regulator. This regulator allows
to obtaining very satisfactory results to carry out the voltage con-
trol of the boost converter.

Maximum Power at STC (Prax) 180 W ! ' . o
Voltage at MPP (Vom) 3514 V The schematic block diagram of converter control is shown in Fig.
Current at MPP (Ipm) 512 A 5.
Open circuit voltage at STC (Vo) 432V
Short-circuit current at STC (lc) 5.48 A
Number of cells (neen) 72 .
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Fig. 3 presents the simulated 1-V and P-V characteristics of Flter i
JS180W-36M module of "ENERGIES VERTES Innovation” Fiter leiﬁm Calalation
manufacturer. Lt Moomler | of duty ratio
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Fig. 5: Boost Converter Control Strategy.
< 4 \
:Eu The signal Ec is determine by proportional-integral treatment be-
5 2 tween the reference voltage Vret and the photovoltaic array voltage
\ Vpv. The Limitation block is used to limit the value of Ec between
0 -1 and 1 and the last block calculates the duty ratio value (d).
e 5 0 B Viﬁagevr‘;f/] o ok 48 The PI regulator parameters are determined by the simulation.
They are given in Table 2.
200
150 /’\ Table 2: Pl Regulator Parameters
z _— ¥ Proportional gain (Kp) 0.004
T 100 Pmax=179.52 W Intégral gain (K;) 13
Vpm=35.2 - - 4
§ % T Ip’:n:m . \ Time-constant of filter (z) 10" s
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Fig. 3: I-V and P-V Curves of PV Module Model.

The function of the inverter is to provide a three-phase alternative
voltage to the centrifugal motor-pump from the continuous voltage
delivered by the boost converter.
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To model the inverter, we will consider that the electronic switch-
es are ideal and operating in complementary regimes which have
two states possible and the switching are carried instantaneously.

In considering the medium point 0 of the continuous source as
reference point, the voltages v,,o (M = a, b, ¢) take the value VCC/Z
when the superior switch placed on one arm is in conduction and

respectively _VCC/Z when the inferior switch placed on the same
arm is in conduction [16], [17]. So we get:

SVl
vm0=’"TCC,m=a,b,c (6)

Where Smis the command functions of the inverter arms and S,,, =
+1 (state of the switch).

Fig. 6 gives the diagram of the inverter power part (with the con-
tinuous source divided in two parts).
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Fig. 6: Inverter Scheme with Continuous Source Divided in Two Parts.

The line to neutral output voltages of the inverter can write under
the following form [18]:

Vay =2+ (2.54 = Sp = S¢)
Vpy =2+ (2.5 — Se = Sa) W)
\Ven = - (2.5c — Sa — Sp)

Where V. is the continuous voltage; Sa, Sv et Sc are the command
functions of the inverter arms.

The harmonics contained in the output voltages are naturally fil-
tered at fundamental frequency (f=50 Hz) by the motor itself.

In order to obtain the voltage supply of the asynchronous motor in
a two-phase system (d, q), the Park’s transformation is used.

Van
‘;Sd] = [P(0)] |vbn @®)
s4 Uen

Where (van, Von and ven) are the three-phase voltages supply given
by the inverter; (Vs4, and Vsg) are the d and g axis components of
the stator voltage and [P(8)] is the Park matrix given by:

2 cos(8) cos(@ - 23—”) 005(9 - %
[P(6)] = 3 [— sin(@) - sin(@ - 23—") —sin(@ - “3—") ©

2.4. Motor pump model

2.4.1. Asynchronous motor model

The asynchronous machine is presented by a model brought back
to a system of axis d, g, obtained by a Park transformation of a
three-phase system into a two-phase system, in a reference frame
turning at the synchronism speed [19], [20].

The voltage equations of the asynchronous machine in the (d, q)
axis systems are given as follows:

d@sq
dt
dDsq

( Vsa = Rslsq +
4' Vsq = Rslsq + T
0

|
Lo

- s Bsq

+ ws - Dgq (10)

a9,
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d
=Ry lpg +

214 (g — ©) - Bra

Where (Vsd, Vsq), (Isd, Isq) and (Ira, Irq) are respectively the Park’s
components of the stator voltage, the stator current and the rotor
current; Rs and Rr are respectively stator resistance and rotor re-
sistance; ®sq and Dsqare Park’s components of the stator flux, ®@rd
and @rqare the Park’s components of the rotor flux, os and ® are
respectively stator pulsation and mechanic pulsation.

The Park components of stator flux are given by the following
equations:

Bsq = Ls " Isqg + Mgy~ Ig (11)

Bsq = Ls Isq + Msy " Inq (12)
Where Ls and Msr are respectively the stator inductance and the
mutual inductance between the stator and the rotor.

And those of rotor flux are given by:

Brqg = Lr " lrg + Mgy Isq (13)

Q)rq =L, Irq + M, - Isq (14)

Where L is rotor inductance.
The expression of electromagnetic torque is given by:

Ms
Ly

- (q)rd ' Isq - cbrq '
(15)

Cem=p'Msr'(Ird'Isq_Irq'Isd) =p-
Isd)

Where p is the pair pole’s number.
The statoric and rotoric pulsations are linked by the following
equation:
ws =p L+ w, (16)
Where Q is the angular velocity of rotation (rd/s).
To generate the complete model of the machine, it is necessary to
associate with the electric and electromagnetic equations, the me-
chanic equation (17).

do
JogHf Q2 =Con =G 17
Where Crand Cem are respectively resistant and electromagnetic

torques, f is the coefficient of viscous friction and J is the inertia
moment of motor.

2.4.2. Centrifugal pump model

The model of the centrifugal pump is based on the similitude laws
[21], [22] associated to the equation of the resistant torque that
oppose the pump to the motor.

Knowing the performances of a centrifugal pump (Qn, Hn and Pr)
for a rotational speed Nn given, the similitude laws allow to de-
termine the performances (Q, N, and P) for a speed N using the
following relationships:

H=Hn-(N1n)2,

Where Q and Qn are the water flow(m?3h) respectively corre-
sponding to the speed N and Nn, H and Hn are the manometric
height respectively corresponding to N and Nn, P and P are the
mechanic power (kW) respectively corresponding to N and Nn.
The load torque of the centrifugal pump can be described by (19).

Q=0.- (D), P=p-(&)" (g
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C, = kn? (19)
Where k is the pump torque coefficient (Nm/ (rad/s)?) and Q the
angular velocity of rotation (rd/s).

2.5. Storage tank model

The aim of the storage tank model is to calculate the volume of the
water stocked during the pumping phase.

In fact, a mass of water M stocked in a tank to the height Z1 allows
to realize a work, called potential energy, expressed by the follow-
ing relation:

E, = MgZ, (20)
With:
M=p-Vol=p-S-H (21)

Where g is the gravity acceleration equal to 9,80 m/s?, Z: is the
altitude of the tank support (compared to the soil), p is the water
density (kg/mq), Vol is the water volume, S is the section of the
tank and H is the water height.

The water volume in the tank is related to the pumping flow Q as:

Vol(t) = [, Q() dt + Vol, (22)
Where t is the simulation time (seconds) and Volo is the water
reserve. For this study, Volo is fixed at 16 m3.

3. Simulation results

Fig. 7 presents the complete model of the proposed pumping sys-
tem implemented in Matlab/Simulink.

Storage
Tank

o0

v Control

Corstant

Boost
Converter

Inverter

Gatoz

Fig. 7: Matlab/Simulink Model of PV Pumping System.

To study the performances of the system during meteorological
disturbances, one applies to the entry the illumination profile of
Figure 8. The operating temperature is considered constant and
equal to 25°C.
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Fig. 8: lllumination Profile.

Simulations are realized for two values of the rotor inertia moment
(). Referring to the data sheet of the manufacturer Leroy Somer
[23], the value of J=0.005 kg.m? corresponds to a 2 poles asyn-
chronous motor of nominal power equal about to 5 kW and J=0.5
kg.m? corresponds to the same asynchronous motor of nominal
power equal about to 100 kW. Thus, the rotor inertia moment
increases with the motor mechanic power.

The simulation results for two values of J are presented on the
following figures:
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Fig. 9: PV Array Voltage Compared to the Boost Converter’s Output
Voltage for a Reference Voltage Vyef, = 500 V.
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Fig. 10: PV Array Current Compared to the Output Current of the Boost
Converter.
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Fig. 14: Water Flow for J=0.5 kg.m? and J=0.005 kg.m2.
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Fig. 16: Water Volume in the Tank.

Fig. 9 and Fig. 10 show the answers of the PV array and the boost
converter to a sudden variation of illumination. It proves that the
variation of illumination influences the current and the voltage of
the PV array. However, the boost converter’s output voltage is
maintained constant and equal to the reference voltage Vef,

showing thus the efficiency of the PI regulator.

Fig. 11 presents the waves of voltage delivered by the three-phase
inverter around the first point of illumination change. The magni-
tudes of the simple voltages are constant, equal to 325 V and their
frequencies are equal to 50 Hz.

Fig. 12 presents the electromagnetic torque for two values of the
rotor inertia moment (J). For great values of J (Fig. 12 (a)), the
torque profile is very demanding: its transitory variations at the
different points of changing of illumination are very large and are
followed of disturbances, that induces very significant variations
of the motor feeding currents, the noise and mechanic vibrations.
These constraints brought by the transitory torque tire the driving
shaft of the motor-driven pump and heat the windings of the stator.
For weak values of J (Fig. 12 (b)), the response of the torque
doesn’t comprise any more disturbances and never exceeds the
nominal torque value (15 N.m). It’s also notices that the transitory
variations of the torque during the changing of illumination are
very weak. That reduces largely the electric and mechanic con-
straints received by the motor-driven pump.

Fig. 13 presents the rotation speed for two values of J. The rise of
speed is faster for great values of J (Fig. 13 (a)). However, one
notices at the moments t=1.5 s and t= 3 s the transient drops of
speeds to the different points of illumination changes. These tran-
sitory variations of speed are very large for the great values of J
and small for weak values of J (Fig. 13 (b)). So, for small values
of J, the illumination variations disturb weakly the stabilization of
speed to its optimal value.

Fig. 14 and Fig. 15 present the flow and the manometric height of
the pump respectively for two values of J. They prove that the
illumination variations influence weakly the stabilization of the
flow and manometric height to their optimal values for the weak
values of J (Fig. 14 (b) and Fig. 15 (b)). However, for great values
of J (Fig. 14 (a) and Fig. 15 (a)), the influence of illumination
change on the flow and the manometric height is considerable.

Fig. 16 show the volume of the water pumped into the tank. We
realize that the water volume increase linearly and is not affected
by the transitory variations of the flow at the different points of
illumination change, independently of the rotor inertia moment (J)
value.

4. Conclusion

This work presents an approach for improving the performances
of a direct coupled photovoltaic water pumping system using a
centrifugal pump driven by a three-phase asynchronous motor
working at fixed speed. We have studied the influence of the rotor
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inertia. moment J on the performances of the centrifugal motor-
driven pump in dynamic regime.

The simulation results show that the diminution of J (or the me-
chanic power of motor-pump) allowed the minimization of operat-
ing disturbances in presence of sudden and important change of
illumination. It has been concluded that the dynamic performances
of the motor-driven pump improve when its power decreases. It
shows also that the volume evolution of the water stocked in the
tank is not affected by the illumination variations.
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Appendix
Apparatus Parameters
Type: JS180W-36M
PV Array Number of series module (Ns): 8
Number of parallels module (N;): 26
Boost Converter Output voltage (Vsn): 500 V
Référence voltage (Vre): 500 V
P1 Controller K,=0.004; K;=13 and 7= 10* s
Input voltage (V¢c): 500 Vpc
Voltage Inverter Three-phase Output voltage: 230 Vac
Frequency (f): 50 Hz
Phase-phase voltage (U): 400 V
Frequency (f): 50 Hz
Stator resistance (Rs): 0,85 Q
Asynchronous Stator inductance (Ls):14 mH
Motor Rotor inductance (L,): 23 mH
Mutual inductance (M): 58 mH
Number of pairs of poles (p): 1
Performances at 2500 tr/mn
Centrifugal Nominal flow (Q.): 100 m*h
Pump Nominal height (H,): 90 m
Torque coefficient (k): 15 10-° Nm/(rad/s)?
a 3
Storage Tank Volume (C): 668 m

Water reserve (Volp): 16 m®
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