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Abstract

The performances of a photovoltaic pumping system based on an induction motor are
degraded once insolation varies far from the value called nominal, where the system was
sized. To surmount this handicap, an improvement of these performances by the optimiza-
tion of the motor efficiency is described in this paper. The results obtained are compared
with those of similar work pieces presented in the literature where the motor effeciency and
air gap flux where optimized separatly. The simulation results show that the proposed sys-
tem allows at the same time to combine the performances of the system with constant
efficiency and the simplicity of implementation provided by the system with constant airgap
flux.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Photovoltaic pumping is receiving more attention in recent years especially in
remote areas where connection to the grid is technically not possible or economi-
cally unaffordable. Such systems operate in open-loop speed control because pre-
cision and transient performance are not required. In addition the system operates
at steady state for long periods. Various studies have been carried out on sizing [3,6],
matching [9,10] and optimizing [20] PV systems. DC motors were initially used since
they offered easy implementation with cheap power conversion [4,5,17-19]. A num-
ber of existing operational pumping systems have shown that these schemes suffer
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Nomenclature

V output generator voltage (V)

1 generator current (A)

I short-circuit current (A)

Vin thermic voltage (V)

A reverse saturation current (A)

Ry series generator resistance (Q)

I, optimum generator current (A)

Vop optimum generator voltage (V)

Voc open circuit voltage (v)

Py maximum (optimum) generator power (w)
E insulation (w/m?)

Varms motor voltage (V)

r stator resistance per phase (Q)

r equivalent rotor resistance per phase (Q2)
Fm core loss resistance (Q2)

X1 stator leakage reactance (Q)

X equivalent rotor leakage reactance (Q)
Xm magnetizing reactance (Q)

X11 stator cyclic reactance (Q)

Xoo rotor cyclic reactance (Q)

Wy angular frequency of the supply (rd/s)
Wyl slip speed (rd/s)

P pair pole number

w motor speed (rd/s)

f motor frequency (Hz)

H total head (m)

H, geodetic head (m)

0 flow rate (m’/h)

0 water volumic mass (kg/m®)

g gravity acceleration (m/ )

C constant which depends on pump nominal data
T, friction coefficient

ao, ay, ay constants depending on the pump dimensions
[ sunrise time (chosen as t;; = 8 : 00)

tes sunset time (chosen as t, = 18 : 00)

from maintenance problems. To overcome this drawback, brushless permanent mag-
net DC motors have been proposed [2]. However, this solution is limited only for
low power PV systems. The induction motor based PV pumping system offers an
alternative for a more reliable and maintenance free systems [16]. In addition, recent
advances in the field of solid state devices, logic circuits and control theory have
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given a great impetus to the use of AC motors in PV systems. Several papers
report AC systems using either current source or voltage source inverters. Different
optimization strategies have been proposed to improve the overall system efficiency
such as maximum power tracking or MPPT [11,12,15,16], motor efficiency optimiza-
tion [13,21] and flowrate maximization [1].

In this paper an optimal operation of a direct photovoltaic pumping system
based on an induction motor is presented. The optimization problem consists of
improving the motor efficiency by the minimization of a non-linear criterion. This
is achieved by a proper adjustment of the frequency and the modulation index of
the PWM voltage source inverter feeding the motor. It is in fact functioning under
airgap flux weakening.

As a benchmark for the subsequent results, works presented in Refs. [21] and
[14] are used. Yao found that by a proper adjustment of the inverter frequency, a
constant optimum value of the motor efficiency is ensured, while maximum power
of the PV generator is made available to the load by a DC/DC converter operating
as a maximum power point tracker. Even if an optimal motor efficiency is pre-
served in Yao et al. [21], the conservation of the DC/DC power stage makes the
implementation more expensive. This handicap was discarded by Duzat [14], lead-
ing therefore to less implementation complexity. In contrary to Yao et al. [21], the
generator output voltage is no longer controlled by the MPPT, but with a linear
relationship which relates this voltage to the inverter frequency. However, the pres-
ervation of a constant airgap flux for light torque loads (centrifugal pumps) in
Duzat [14], leads to an increase of iron losses under weak solar insolation where
motor efficiency degradation is noticed.

In this paper, a field weakening operation deducted from the optimization of a
non-linear criterion provides at the same time the high performances of Yao et al.
[21] and implementation simplicity of Duzat [14]. The schematic diagram of the
proposed system is shown in Fig. 1. It consists of a photovoltaic generator,
a PWM voltage source inverter and an induction motor driving a monocellular
centrifugal pump. The paper will model each component of the system prior to
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Fig. 1. The PV scheme structure.
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presentation of the results through simulation. In the derivation of the system
equations, some assumptions are made. The motor is supposed to be unsaturated
and unaffected by the harmonic effects of the inverter. The power losses in the
inverter and stray losses in the motor are also supposed negligible. Furthermore,
dynamic equations are not considered since the system is assumed to run in steady
state. The rest of the paper is organized in four sections. In Section 2 various parts
of the system are modelled. The proposed optimization criterion is presented in
Section 3. Simulation results and interpretations are presented in Section 4.

2. Modelling of the PV system

The proposed PV system is composed of the solar array, the VS inverter, the
induction motor, the centrifugal pump and pipelines. The mathematical model for
individual parts is described in the following section.

2.1. PV generator model

The PV generator considered in this study is a 16 series connected modules type
AEG.40. The I-V characteristic can be written as:

1=1I —10.<exp<V—;1:51> — 1) (1)
t

The adaptation of Eq. (1) for different levels of solar insolation can be obtained by
the following equations described in Moussi et al. [1]:

E
Iie =1 1 | = 2
=t n(z) @
E
Voe = Voc + + Vthln (E) (3)
I,
fp=— e (4)
exp<V°°> -1
Vin

where the suffix r refers to rated conditions given by E = 1000 W/m? and
T =25°C.
The use efficiency of the generator is identified by the ratio of the power extrac-
ted by the load to the maximum power available:
Vi

Myse = E (5)

2.2. Inverter model

A natural PWM switching technique is used to drive the DC-AC inverter with a
modulation index M and the ratio between the frequencies of the carrier and mod-
ulating waveforms P. It can be shown from Murphy and Turnbull [7] that in the
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case of a full bridge control and for P > 9, the rms value of the fundamental motor
voltage V,, is given by:
MV

V2

For the case studied in Yao et al. [21], the modulation index is set to: M = 0.8.

Vin = (6)

2.3. Three phase induction motor model

The steady state performance of the induction motor is modelled using the con-
ventional equivalent circuit shown in Fig. 2
From Fig. 2 it can be shown that the electrical input power is given by:

V2
Py, = 3R Z—z (7)
Zq is the equivalent input impedance per phase:
Zeq = Req +jXeq (8)
The mechanical equation is defined as:
T,=T,+Ty 9)
where the electromagnetic torque 7, is given by Murphy and Turnbull [7]:
2
m
Vir)® Py
T€:3p< ) [ 2 (10)

Wy 1 : Ws1F1X22 :
S 2 S.
(xllxzz - xm) ] + [xu + 7}

sI2 sl

and T, is the centrifugal pump load torque given by an aerodynamic equation in
the form:

2
ﬂ:zC(l—%?)(ﬁ (11)
r jX| jX
— [ /000N /000N

A%
m X /
Xm Im [] 18

Fig. 2. Steady-state equivalent circuit.
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2.4. Centrifugal pump model

The head-flowrate H-Q characteristic of a monocellular centrifugal pump is
obtained using Pfleider-Peterman model [1]. The multispeed family head-capacity
curves are shown in Fig. 3 and can be expressed approximately by the following
quadratic form:

H:a0w2+a1wQ+a2Q2 (12)
where the motor speed w is expressed as:
Ws]
=(1—-—")os 13
o=(1-2)o, (13)

The pump efficiency is defined as the ratio of the hydraulic power imparted by the
pump to the fluid to the shaft mechanical power and is given by:

pgHQ (14)

3
C 1—& w?
Wy s

The H-Q characteristic of the pipe network can be expressed by:

n, =

H = Hy + 0’ (15)
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Fig. 3. Pump H-Q characteristics.

2.5. Insolation model

A simplified approach was elaborated according to Khousem and Khousem [§],
and which will serve as a first aproximative quantification of the incidental inso-
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lation. This model quantifies irradiance for a standard clear day:

E = Eysin(15.(1 — ty1)) (16)

T
180
3. Proposed approach

In case of constant airgap flux operation exposed by Duzat [14], although it
offers acceptable results in the electric plan (see Fig. 9), and in the hydraulic plan,
as shown in Fig. 5, the motor efficiency, which is displayed in Fig. 4, falls consider-
ably for weak insolation levels as a result of an increase of iron losses. In this
paper, an improvement of this efficiency using a variable airgap flux operation is
proposed. This is reached by the optimization of a non-linear criterion representing
the motor efficiency and by varying two degrees of liberty:

e The inverter frequency f and
e Modulation index M.

For implemetation, f indicates the frequency of the modulation waveform.

In contrary to Yao et al. [21], the generator voltage, and hence the electric power
extracted from the generator, is controlled by the strategy exposed by Duzat [14]
where a linear relationship between this voltage and frequency can be expressed:

V==Cyoh+ Cif (17)

In the generator I-V plan and under Eq. (17), the system may operate in three
intervals:

(@) V<Vop Pe<Py
(b) V= Vop Pe = PM
() V>Vop Pe<Py

It was shown in Olorunfemi [13] that case (a) corresponds to an unstable motor
operation since the motor speed presents a non-minimum phase response and
highly oscillating evolutions of w are noticed. Case (b) implies the use of the
MPPT [21]. In this study, the last case is adopted since stable operation is ensured
[14]. In order to avoid operation in case (a), constant C;q should be greater than
Vop for low frequencies. However Cj;, which gives the curve slope, should not be
too small in order to avoid operating away from maximum power for high inso-
lation values.

For the present study, constants are chosen as follows:

Cio = 240 V(corresponding to Vo, of E =100 w/m?)
C) = 0.4,

The ideality of the inverter allows the power balance equation of the system to
be defined as:

I — T +1, R
(Vthln(“lo") IRS)I = 323‘1 V2 (18)
eq
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3.1. Optimization criterion

For an improvement of the motor efficiency, the momentary value of the follow-
ing vector must be determined:

X=|wgf I M" (19)
Minimizing the objective function:

J=—f(X) (20)
where f(X) is the motor efficiency given by:

cli wsl32.3
("m#>(p“)

ﬂm:(mm(“;“%)_mgl e1)

o

Associated to the equality constraints:
8(X)=0 (22)

formed by the set of Egs. (9), (17) and (18).
In addition, the generator current I and the modulation index M are limited as:

0<I<I (23)

0<M<1 (24)

3.2. Optimization method

The resolution of the constrained problem (20) is carried out by the function
‘FMINCON’ from the software ‘“MATLAB’. This is generally referred to as con-
strained non-linear optimization. It uses the sequential quadratic programming
(SQP) algorithm which represents the state-of-the art in non-linear programming
methods.

At each iteration, the constrained problem, Egs. (20), (22), (23) and (24) are
transformed to an other unconstrained problem with linearized constraints using
the Lagrangian function which is solved by the quadratic programming algorithm:

LY. 2) = ~f(X) + 3 4G (X) 25)
i=1

where G contains at the same time the equality and inequality constraints
(Egs. (22), (23) and (24)). 4 (i=1,... m) are Lagrange multipliers and m is the
number of all constraints. The Hessian matrix updating is made by the formula of
Broyden, Fletcher, Goldfarb and Shanno (BFGS) [22].
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After performing optimization, the daily pumped water quantity is defined as:

D= JI”Q di (26)

Iy

4. Simulation results

The simulation is undertaken on a system characterised by the data given in the
Appendix. Figs. 4-9 show the system performances for reference temperature 7' =
25 °C using the proposed approach and compared to those given by Yao et al. [21]
and Duzat [14]. Fig. 4 depicts the motor efficiency as a function of solar insolation.
It is seen that an optimal efficiency #, = 0.73 can be maintained constant using the
appropriate optimization technique. The control law given by Eq. (20) mainly
governs the reduction of losses which are frequency dependent (iron and friction
losses), which represents a superiority with regard to the constant airgap flux sys-
tem [14] in particular for the weak values of insolation (E < 650 w/m?), while the
algorithm presented in Yao et al. [21] produces similar results where a motor
efficiency value 1, = 0.71 is maintained by variation of the motor frequency.

Fig. 5 shows clearly the pump flow rate, based on head values, obtained by
equating Eq. (12) and Eq. (15). The pump succeeds in overcoming geodetic head
H, and starts pumping at low insolation level, £ = 320 w/m?, for the proposed
approach and that described by Yao et al. [21]; whereas the constant flux mode
[14] does not start to deliver water unless solar insolation exceeds 360 w/m?. This
increase of the flow rate is due to the proportionality between mechanical power
on the shaft of a centrifugal pump and flowrate [1]. The improvement of the mech-
anical power and hence of the flowrate are obtained by the maximization of the
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Fig. 4. Induction motor efficiencies.
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Fig. 5. Pump flow-rate characteristics.

motor speed via the optimization criterion. Consequently, this increase of the
pump flowrate leads to an elevation of the daily pumped quantity. By adopting the
model of insolation described by Eq. (16), and according to numerical integration
of Eq. (26), the daily amount of pumped water is:

e 28.84 m’ for the constant air gap flux technique [14].
e 31.14 m’ for the system described in Yao et al. [21].
e 31.00 m?® with the proposed approach.
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Fig. 6. Pump efficiencies.
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Fig. 6 displays the improvement brought to the pump efficiency by the proposed
technique. It can be seen that an improvement of this efficiency was carried out
with the proposed approach, as well as that described in Yao et al. [21]. Compared
with Duzat [14], this increase is greater for the weak values of insolation
(E < 650 w/m?), and inflicts the two following parameters:

e An increase of the total head H given by Eq. (12) as a result of the friction and
shock losses reduction inside the pump.

e An increase of the flowrate Q as a result of the leakage flow-rate decrease [14].

Consequently, the hydraulic power (p x g x H x Q) is enhanced.
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Fig. 7. Airgap flux characteristics.

Fig. 7 illustrates the airgap flux, represented by the quotient (V,,/f), for the pro-
posed approach, and that described in Duzat [14]. One can notice that the
improvement of the motor efficiency is obtained with a field weakening, which is
more noticeable for weak insolation values (corresponding to light torque loads).
This flux reduction leads essentially to a decrease in the motor iron losses. On the
other hand, for the Duzat [14], a nominal flux value is maintained permanently
constant (V,,/f = 4.8).

Fig. 8 shows the generator power—voltage characteristics and maximum power
locus together with the consumed power in the case of constant airgap flux mode
[14], and field weakening mode that is proposed in our study, while Fig. 9 illus-
trates the generator use efficiency characteristic. It is clear that for these two cases,
the power consumed by the system is very close to that maximal absorbed by the
system [21] for high insulation values, and does not deviate significantly for lower
values, bearing in mind that the MPPT block is omitted. This leads to use
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Fig. 9. Use efficiency curves.

efficiency values #ys. > 98% for all insulation levels. Consequently, the implemeta-
tion will be less complex, less expensive and more reliable.

In Fig. 10a the modulation index M is presented, while Fig. 10b illustrates the
inverter frequency f. One notices that the modulation index is reduced once the fre-
quency falls, bringing consequently a decrease of the motor voltage V, since the
generator voltage is approximately constant (see Fig. 8). As a result, the airgap flux
is reduced.
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Fig. 10. Modulation index and frequency curves.

5. Conclusion

An optimal operation of a direct photovoltaic pumping system based on an
induction motor was described. The optimization criterion fixes the maximization
of the motor efficiency, and where the extracted electric power is controlled by the
inverter frequency instead of MPPT. A comparative study was carried out on two
systems described in Yao et al. [21] and Duzat [14]. The simulation results show
that an increase of both the daily pumped quantity and pump efficiency are
reached by the proposed approach. In addition, the generator voltage control law
leads to a less expensive and non-complex implemetation. Thus the advantages
described are acquired meanwhile overriding their inconvenience.
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Appendix

PV generator parameters:
Type AEG for E = 1000 w/m? and T =25 °C
Maximum power 61424 W
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Optimal current 22 A
Optimal Voltage 2792V
Open circuit voltage 3584V
Short circuit current 241 A

Induction motor parameters:

V=380V I=25A P=1kW
X1 :X2=15.7Q r =225Q 7227879
Xm = 586 Q m = 1.127 K Q

Centrifugal pump parameters:

H=14m 0=2591/s

P=3521W N = 3000 tr/mn

Pipe network: & =0.06m Hy;, =74 m
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