Chams-Eddine Feraga, Abdallah Bouldjedri

Online ISSN 1848-3380, Print ISSN 0005-1144
ATKAFF 57(1), 163-172(2016)

Performance of a Photovoltaic Pumping System Driven by a
Single Phase Induction Motor Connected to a Photovoltaic

Generator

DOI 10.7305/automatika.2016.07.851
UDK [621.313.333.025.1-531-533.7:621.383.51]:621.67.052

Original scientific paper

Solar energy is one of the most widely used renewable sources in the world. This explains the interest shown
by researchers on the improvement of the quality and performances of this renewable source. The availability of
low-cost solar cells increases the interest and needs in photovoltaic (PV) system applications following standard
of living improvements. Nowadays, water pumping systems powered by solar-cell generators are one of the most
important applications. In fact three phase induction motor fed by PVG is well known in literature, while the
single phase induction motor for low power application used widely in domestic utility has never been investigated.
In this paper the performances of a single phase induction motor (SPIM) connected to a photovoltaic generator
(PVG) through an inverter are analyzed. Firstly, the mathematical model of the suggested structure is developed.
Secondly, the concept of the Indirect Rotor-Field-Oriented Control (IRFOC) techniques is used to pilot the working
of the single phase induction motor coupled with the centrifugal pump. Then, the chosen maximum power point
tracking algorithm MPPT adjust pump operation to meet the desired water flow and pressure conditions. The
proposed approach has the advantage no use the DC/DC converter, reduced size, low cost. This results in much
higher overall system operating efficiencies. Finally, Simulation results show the effectiveness and feasibility of the
suggested approach.

Key words: single-phase induction motor, field oriented control, photovoltaic generator, pumping, modeling, op-
timization, efficiency

Perfomanse fotonaponskog sustava pumpanja pogonjenog jednofaznim indukcijskim motorom spojenim
na fotonaponski generator. Solarna energija je jedna od najkorisStenijh oblika obnovljivih izvora energije u svijetu.
To objasnjava interes istraZivaca za poboljSanjem kvalitete i performansi ovog obnovljivog izvora. Dostupnost jef-
tinih solarnih Celija povecava interes i potrebu za aplikacijama fotonaponskih (PV) sustava pratedi rast kvalitete Ziv-
otnih uvjeta. Danas, jedna od najvaznijih aplikacija je u sustavima za pumpanje vode. Zapravo, trofazni indukcijski
motor kojeg pogoni PVG je dobro poznat u literaturi, dok jednofazni indukcijski motor koji se koristi u energetski
nezahtjevnim sustavima kao $to su kucanski aparati nikad nije istraZivan. U ovom radu se analiziraju performanse
jednofaznog indukcijskog motora (SPIM) spojenog na fotonaponski generator (PVG) pomocu invertera. Prvo je
razvijen matematicki model predloZenog sustava. Potom je koncept indirektnog upravljanja orijentacijom-polja-
rotora (IRFOC) koriSten za upravljanje jednofaznim indukcijskim motorom spojenim s centrifugalnom pumpom.
Zatim je iskoriSten algoritam pradenja tocke najvece snage (MPPT) za prilagodbu rada pumpe na zahtjevane pro-
tocne i tlane uvjete. PredloZeni pristup ima prednost koriStenja DC/DC konvertera, smanjene veliine i niske
cijene. Rezultat je mnogo veéa efikasnost rada cjelokupnog sustava. Konacno, simulacijski rezultati pokazuju
efektivnost i izvedivost predloZenog pristupa.

Kljucne rijeci: jednofazni indukcijski motor, kontrola orijentacije polja, fotonaponski generatir, pumpanje, mod-
eliranje, optimizacija, efikasnost

1 INTRODUCTION

The development of renewable energy has been an in-
creasingly critical topic in the 215 century with the grow-
ing problem of global warming and other environmental is-
sues. With greater research, alternative renewable sources
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such as wind, water, geothermal and solar energy, have
become increasingly important for electric power genera-
tion. Solar energy is one of clean renewable energy and
represents an alternative to conventional energy sources
that produce toxic waste or pollutants. This source of en-
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ergy can be used for different applications, for example to
charge a battery, to feed the grid network and for a stan-
dalone PV pumping system.

Water resources are essential for satisfying human
needs, social and economic development, protecting
health, ensuring food production, energy, the restoration
of ecosystems,and also for sustainable development. How-
ever, in many arid countries, people are affected by water
shortages and do not have sufficient drinking water, there-
fore there is a great and urgent need to supply drinking wa-
ter. Remote water pumping systems are a key component
in meeting this need where no grid system is available.

Water pumps are driven by various types of motors.
This explains the interest shown by researchers on the im-
provement of the quality and performances of these photo-
voltaic pumping systems. In general, DC motors are used
because they are highly efficient and can be directly cou-
pled with a PV module or array[1-2-3]. A number of ex-
isting operational pumping systems have shown that these
schemes suffer from maintenance problems. To overcome
this drawback, different AC motors have been used in [4-5-
6-7-8-9-10-11].During these last years, many research lab-
oratories focused on the variable-speed drives, especially
for the Single-Phase Induction Motor (SPIM), and impor-
tant renovations have been achieved on this theme [12-13-
14-15].

In this work, the photovoltaic water pumping system is
constituted by a photovoltaic generator PVG, a condenser,
a PWM inverter, a single phase induction motor and a cen-
trifugal pump. In order to force the PVG to operate at its
maximum power point under different solar illumination
conditions, we develop a maximum power point tracking
algorithm MPPT which calculates the reference speed of
the SPIM versus the solar illumination. The induction mo-
tor pump is controlled by the field oriented technique; it
has been proposed to ensure the optimization of the whole
system showed in Fig.1.Allowing the improvement of the
efficiency maximization.

2 PHOTOVOLTAIC GENERATOR MODELING

Solar cells generate electricity by the direct conversion
of the solar energy into electricity. An equivalent circuit
model of PV-cell is shown in Fig.2. Cells may be grouped
to form panels or modules. Usually a number of PV mod-
ules are combined as an array to meet different energy de-
mands. Figure 3 represents the /-V and P-V characteristics
of the PV generator for five insolation levels. The circuit
showed in Figure 2 can be represented by (1).

I =1y —1g— Iy = Ipn— W
1, {exp ((VJ:L{L‘RS)> _ 1} _ (V+IRy)

sh

164

PV generator Pump
Inverter Q
ry [

oy
WI—ML Control | Speed

MPPT |—» PWM £

rm

Fig. 1. Block diagram of the global PV pumping system
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Fig. 2. Solar cell equivalent circuit
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Fig. 3. Characteristics of a PV generator

Where V is the terminal voltage, [ is the terminal current,
I,;, is the solar-generated current, /; is the diode current,
1, is the diode saturation current, n is the diode ideality
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constant, R, is series resistance, Ry, is parallel resistance,
A is the diode quality factor (A=kT/g).

Some authors [16], [17], [18] propose the model with
four parameters assuming that the parallel resistance R, is
infinite. So the equation (1) is shortened as follows:

V + R,
I=%h—ukm<q<55,)>—q @

V+ R,
I;=1, [exp (q(n_;T)> — 1] 3

The solar-generated current, I, linearly depends on solar
irradiance and influenced by temperature based on (4), [19-
20-21].

7 G

=G phn + K1 (T —1T),)] 4

Where I, ,,is the solar generated current at the nominal
condition (T,,=25°C and G,,=1000W/m?), G is the irradi-
ance, G, is the nominal irradiance, T is the cell tempera-
ture, T,, is the nominal cell temperature, K; is the temper-
ature coefficient at short-circuit.

The diode saturation current, /, which depends on tem-
perature is given by (5), [20-22].

T\® By (1 1
et () o[ (7 -7)] @

Where 1,, is the nominal diode saturation current,
g=1.60210"1? C is the electron charge,k=1.380 10~23 J/K
is the Boltzmann constant, E,=1.12¢V is the bandgap en-
ergy.

The current and the voltage parameters of the PV gen-
erator are: I,,, = I and V), = ns .Ns.V, where ns, Ns are the
number of series cells in panel and series panels in gener-
ator(ns =54).

Generally, available manufacturer’s information are al-
ways provide with reference to the nominal condition or
standard test conditions (STCs) of temperature and so-
lar irradiation : the nominal open-circuit voltage (Ve ),
the nominal short-circuit current (/,., ), the voltage at the
maximum power point MPP (V,,,;,), the current at the MPP
(Imp), the temperature coefficient (Ky ) at open-circuit and
(K ) at short-circuit.

3 MATHEMATICAL MODEL OF THE SINGLE
PHASE INDUCTION MACHINE

Neglecting the core saturation, the dynamic model of
single phase induction machines in a stationary reference
frame can be represented as [23]:

dwsd

:_Rs.s Us 6
7 tsq + Usa (6)

AUTOMATIKA 57(2016) 1, 163-172

dys .
dtq = _Rslsq + Usq @)
dip,
0= Ria+ 200 4 0,0, ®)
dt
- . dd}rq
0= RT‘ZT(] + dt w'r¢7'd (9)

The fluxes are related to the currents by the following
equations:

Ysa = Lsaisa + Mgrdira (10)
VYsq = Lsqlsq + Msrqirg (11)
Yra = Lyirqg + Msraisq (12)
Yrq = Lyirg + Mspqisq (13)

The electromagnetic torque is given by:
Tem =P (Msrqisqi'r‘d - Msrdisdirq) (14)
The mechanical equation is:

dw,

J
dt

= (Tory — T, — Fw,) (15)

These equations were derived as for an asymmetric
two-phase machine [23]. In these equations, variables Uy,
Usg, isds isq irds Irgr Ysd» Vsq> Yrd »Prq are auxiliary and
main voltages, currents and fluxes of the stator and rotor in
the stationary reference frame respectively. R,q, R4 and
R, denote the stator and rotor resistances; Lsq, Lsg, Ly,
M4 and My,., denote the stator, the rotor self, and mutual
inductances. w;, Tenm, and T, are the machine speed, the
electromagnetic torque, and the load torque, in this order,
and P, J and F are the machine pole pairs, the moment of
inertia, and viscous friction coefficient, respectively.

4 INDIRECT FIELD ORIENTED CONTROL

Note that (6) — (14) are general equations for the two-
phase machine. It is seen that there is an asymmetry in the
model. This asymmetry is due to the unequal resistances
and inductances of the main and auxiliary windings. Since
the machine studied is asymmetrical, it can be seen from
(14) that the machine produces torque and current oscilla-
tions. As was done in [23-24-25] to drive the symmetrical
model, here too, the mutual inductances will be employed

to define a transformation for the stator variables. This
transformation is given by:
/ Nsd 4 Nsd / Ns
U, =—U = — i, ==L 16
sq qu Sq» wsq qu /l;[}S(Iv sq Nsd sq ( )

In these equations N,q4, Ny, represent the number of
stator windings then the ratio M,.q¢/M,qwill be approx-
imately equal to Nq/Ns,.Thus, the transformation em-
ployed corresponds approximately to refer the auxiliary
winding variables to the main winding[14].
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The new dynamic model of single phase induction ma-
chines in a synchronously rotating reference frame can be
described by the following equations:

dg / . .
Z)td = wiy, — Rsadisa — Rsdgisq + Usa (17)
dy, y :
Wq = *w’gbsd — quqzsq - qudlsd + Usq (18)
di,. )
ﬁtd — worthrg — Ryiva (19)
di,. .
1515(1 = _wsrwrd - RTZTQ (20)
¢Sd = Lsdisd + Msrdde (21)
'L/)sq - quilsq + MS’Nlirq (22)
Vg = Lyirg + Myyrqisq (23)
Urg = Lyipg + Margisg 24

The new expression of the electromagnetic torque is
similar to the one of a symmetrical machine.

P

T = —
L,

Mara (Vsgra = isathng) — (25)
It is noteworthy that the model of the stator flux in (17)
and (18) present additional terms that represent the asym-

metry of the machine. These terms can be presented in
terms of stator windings resistances as:

’

Ru+R,, Ru-R

Rygq = 5 1 cos (20,f)  (26)
Re+ R,, Rs—R.
Rogq = -2 5 sq 4 Tted 1 cos (20,7)  (27)
Rs - Rs .
Redq = Raga = % sin (26,.7) (28)

If the magnitude of the variable terms in (26)-(28) is
small with respect to the constant terms, the model (17) to
(25) becomes symmetric and the conventional rotor-field
oriented control strategy can be used [25]

For indirect rotor flux oriented control, the d-axis of
the reference frame is oriented along the rotor flux vector
which is set be equal to the rated flux, and, consequently,
Yar=1r and 1y, =0. After arranging the equations (17)
to (24), the mathematical model of single phase induction
motor can be represented according to the usual d axis and
g axis components in a synchronously rotating rotor flux
reference frame as:

Mra Z-rf _ Yy d¢7

Tr Sd_;_‘_ dt

Msr L
i = wety (30)

Tr

(29)
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P Iy
Tem = EMsrd (quf'(/)r) (31)
Where v, is the rotor-flux magnitude, wg,= w- w, is
the slip frequency, w=d0, ;/dt and 0,y are respectively the
frequency and the position of the rotor-flux vector.

Expression (31) shows that, if rotor flux is kept con-
stant, i34 can be used to control the flux magnitude and i,
can be used to control the electromagnetic torque.

5 DECOUPLING SYSTEM

In field oriented control of SPIMs, like three phase mo-
tors, the stator currents must be controlled. If the employed
inverter is of PWM type with voltage control, the voltage
command signals should be produced as the outputs of the
current controllers. Since it is necessary to calculate the
voltage command for a voltage-source inverter, the stator
voltage equations for rotor flux control can be derived by
(17), (18), (21), (22), (23) and (24):

Usa =Uq — Eq = 04Lsq (Jlesd + S+ (1‘,;721)) isd

. Msrg
- CTquqWqu - L 1/%

7
r

(32)

TqTsq

Usg = Uy — By = 04Lsq (# iy %) isq
]Vis/rq Wr'wr

+0aLsqwisa +

(33)

In these equations 7sq =Lgq/Rsq , Tsq =Lsgq/Rsq

04=1-M? 5 a/(L; Lsg) and 04=1-M?5, /(L. Ls,). E4 and
E, represent the decoupling terms and are given by

. Msrd
Ed = CTqLSqCUqu + Tl/;wr (34)
. M,
Ey = —04Lsqwisq — Ij w1y (35)

Thus, the dynamics of the d axis and q axis currents
are now represented by simple linear first order differential
equations. Therefore, it is possible to effectively control
the currents with a PI controller. Based on the above equa-
tions a synthesis of the decoupling signal is shown in Fig.
4. In Fig. 4, Gd(s) and Gq(s) are the electrical d, g-axis
transfer functions of the SPIM. If we assume that the back
EMFs is cancelled by the feedforward compensation term,
the d, q transfer functions become:

Ga(S) = 24 and G,(S) = 1f;qs

Where K;=1/Rsq and K,=1/R, are a static gains and
Td = Tsd0d, Tqg = Tsq0q are a time constants. Also S is a
derivation operator.
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Fig. 4. Decoupling with compensation terms

Fig. 5 shows the block diagram of the indirect rotor-
field-oriented control scheme, which has been adapted for
the single-phase machine. In this diagram 77, and ™,
represent the reference electromagnetic torque and ampli-
tude of the rotor flux, respectively. Block e7%7f performs
the coordinate transformation from the reference frame
aligned along with the rotor-flux vector to the stationary
reference frame. Blocks PI control represent the speed
controller, d and g-axis current controller respectively. It is
seen that the two current controllers provide control volt-
ages Uy and U,. These voltages are supplemented by de-
coupling voltages E; and E, respectively to produce volt-
ages commands. Block PVG, PWM INVERTER and SPIM
represent the photovoltaic generator, the voltage-source in-
verter and the single phase induction machine pump. In
order to calculate the reference speed, we use a sensor in
order to measure the illumination value and a calculator to
deduce the reference speed via the MPPT.

6 CENTRIFUGAL PUMP MODEL

The centrifugal pump is described by an H (Q) charac-
teristic given by [26], [27]. The multispeed family head-
capacity curves are shown in Fig. 6 and can be expressed
approximately by the following quadratic form:

H = cow? — c1w,Q — c2Q? (36)

Where cg,c; and co are constant parameters.
The hydrodynamic load torque of the centrifugal pump
is given by the following equation [9]

Py = pgQH, (37)

Where Q is the water flow (m3/s), H is the manomet-
ric head of the well (m), p the density (Kg/m?) and g the
gravity (m/s?).

The centrifugal pump load torque 7). is assumed to be
proportional to the square of the rotor speed:

T, = Ayw? (38)
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Where A, is the torque constant (4, = %), P, isthe
nominal power of the single phase induction motor and w,,
is the rotor nominal speed.

7 PROPOSED APPROACH

By neglecting frictions and losses, we can express the
power of the single phase induction motor as follows:

Trw, = Apw? (39)

The maximum input power can be expressed as:

A wd
P, = 2o (40)
n

Where P,,,;,, n are the maximum input power and motor
efficiency. In nominal conditions of insulation and temper-
ature we have:

p,=—" (41)

Where P,, 1, w,, are the nominal values of input
power, speed and efficiency of the motor in nominal con-
ditions. From (40) and (41), we can define the new opti-
mal speed according to the optimal power of photovoltaic
generator. This is the control reference speed of the speed
control loop, as shown in fig.5

3 Popt
P,

Wopt = Wn (42)

Where P,pi— Ppp. 1

The following table represents the reference speed and
the optimal PV power for different values of the solar illu-
mination.

Table 1. Reference speed and PV power versus the illumi-
nation value

G(W/m?) Popt(W) Wopt (rad/s)
100 125 72.53
200 275 94.33
300 426 109.15
400 576 120.7
500 742 131.33
600 815 135.5
700 1059 147.86
800 1106 150.02
900 1386 161.74
1000 1453 164.30
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8 SIMULATION RESULTS

In order to demonstrate the effectiveness of the pro-
posed control technique applied to the photovoltaic water
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Fig. 7. The solar illumination waveform

pumping system, some simulations have been carried out.
The proposed design scheme is described by Fig. 5.

In the first step, we choose to vary the solar illumina-
tion value G as it is shown in Fig. 7, and to see its impact
on the performances of the photovoltaic water pumping.

Fig. 8a, illustrates the waveform of the mechanical
speed of the induction motor which is close to its optimal
value determined by equation (42).

The same remark is given to the electromagnetic torque
shown by Fig. 8b. It is clearly shown that the induction
motor is operating at its optimal conditions.

Fig.8c represents the waveform of the centrifugal pump
flow which is close to its optimal value for each value of
illumination.
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Fig. 8. Response of the system to the variation of illumina-
tion G

In the second step, a comparative study on system per-
formances is carried out on two systems: direct coupled
and the optimized.

Fig.9 shows the operating point displacement of a
SPIM-Centrifugal pump supplied by photovoltaic gener-
ator for different levels of solar insulation. The maximum
power and optimal voltages are also shown. It is seen that,
depending on the load (Power -Voltage) characteristic, a
directly connected motor-photovoltaic system with a given
load characteristic can be naturally optimized at the in-
tersection point of the load characteristic and maximum
power locus. We notice also in this case that the photo-
voltaic water pumping system operation points curve cor-
responding to the optimized system is shifted towards the
maximum electric power points of the PV generator (curve
P(V)), which ranges between 180 and 220 volts, for a vari-
able illumination levels between 200W/m? and 1000W/m?
(see Fig.9). It is clearly seen that the performance of the
pumping system is improved if the output power of the
photovoltaic generator is optimal. This result has moti-
vated the use only of an inverter in order to force the PVG
to operate at its maximum power point under different so-
lar illumination conditions.

Figure 10 represents the speed versus the solar illu-
mination intensity. We note a speed increase of the op-
timized system with the illumination intensity increasing
(see Fig. 10).Moreover, for an insolation of 605 W/m? the
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Fig. 9. Operation points of the photovoltaic pumping sys-
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Eﬂn_Speed [radi=]

1304

160

140 Cpsimized

120

*'l:;_"-h_:'.
100 gamebng
204
E0

I I I I I I I 1
200 300 400 500 00 YOO 200 900 1000
Insalation [wWimz]

Fig. 10. Speed of the photovoltaic pumping after and be-
fore optimization

optimized and non-optimized speed coincide, this means
that the group SPIM-centrifugal pump is well adapted to
the PVG at this insolation level. For the direct coupling the
driving system motor- pump may stay at standstill until the
solar insolation is sufficiently high to develop the required
torque for starting. Therefore, it starts to rotate only at
G=274W/m?, contrary to the optimized coupling the sys-
tem starts to rotate at lower insolation level G=98W/m?
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Fig. 12. Global efficiency of the photovoltaic pumping sys-
tem driven by a SPIM

(see Figs. 11 and 12). The Fig. 12 represents the
global efficiency versus the solar illumination intensity, of
the photovoltaic pumping systems. Optimization is better
for weak illuminations, until G=530W/m2, the global ef-
ficiency of the photovoltaic pumping system driven by a
SPIM being weak, approximately between 7% and 7.5%.
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But, it can be noted that the system global efficiency is im-
proved by the proposed MPPT method.

9 CONCLUSION

In this paper the performances of a photovoltaic pump-
ing system driven by a single phase induction motor
(SPIM) coupled to a centrifugal pump is proposed. The
main concluding remarks are summarized as follows:

The obtained simulation results have shown the good
performance of the proposed algorithm MPPT in terms of
global efficiency optimization of the PV water pumping
system, and water discharge rates in the steady state oper-
ation. Furthermore, the effectiveness of the drive system
for both, steady state, transient and severe solar insolation
variations, was also shown.

We have proved the utility of the chosen MPPT method
in optimization of the photovoltaic pumping system perfor-
mances.

It is shown that the concept of the indirect rotor-field-
oriented control (IRFOC) techniques is used to pilot the
working of the single phase induction motor coupled the
centrifugal pump. This method makes it possible to obtain
very good performances similar to those of a DC motor.

It is shown also via this paper, that the performance of
the pumping system is improved if the output power of the
photovoltaic generator is optimal; this result has motivated
the use only of an inverter in order to force the PVG to
operate at its maximum power point under different solar
illumination conditions.

Finally, considering the robust, maintenance free and
low cost characteristics of single phase induction motors, it
is evident that SPIM based PV water pumping systems will
become very popular in the near future. The next stage of
this work is the experimental validation in order to check-
ing the analytical results obtained.

APPENDIX
The parameters of single phase induction machine

Power:1.1kW, Voltage:230V , Current:7.6A
Frequency:50Hz , Speed:1430 rpm , Number of pole
pairs:2

R;q=2.482, R;4=5.6652, R, =6.161(2

M;,.q=0.0829H, Mj,.,=0.0990H, L;=0.0909H
Ls¢=0.1150H, L,=0.0915H

J=5.83.1O’3Kg.m2, £=2.02.10"*N.m.s.rad ~*

PVG parameters
Prp=200W, V,,,=26.3V, I,,,=7.61A, V. ,=32.9V,
Ies n=8.21A

Gyey =1000W/m?, Ky =-0.123 A°C, K;= 0.00318 A/°C,
N,=54, N,=7
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Centrifugal pump parameters

wp, = 150 rad/s, co = 4.9234 1073 m/(rad/s)?, c; = 1.5826

1075

m/(rad/s)(m?/s), co = -18144 m/(m3/s)?, Q=15 m?/h,

H=20m
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