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Abstract —In this paper, the Authors present an indirect rotor field oriented control of an induction motor (IM) associated to a water
photovoltaic pumping system. The motor is used to drive a centrifugal water pump. A modeling study was performed for the
components of the proposed photovoltaic pumping system were established and used in the proposed control scheme. An extensive
simulation work was performed to extract the significant results. To show up the high system performances, presented results are
discussed and prove how the proposed methodology is an efficient water photovoltaic pumping system control procedure.
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1. Introduction

In the isolated sectors as the idands, the rural zones
and the mountains, the use of the renewable energy such
as wind energy [1-3], photovoltaic [4-6] and hybrid
system [7-11] is a better solution to produce the needed
electric energy for such applications as the pumping
systems. The photovoltaic PV water pumping systems
are usually composed of a PV generator, power(s)
converter(s) and an electric motor which is usually
coupled to a centrifugal pump load. Currently, for the
power conditioning, the PV generator is followed by a
DC-DC converter. Many types are used such as boost,
buck and boost-buck converters. Different types of
motors are used in the photovoltaic water pumping
system. The DC motor is used in the photovoltaic water
pumping system with different coupling mode [8], [11],
[12]. The Permanent Magnet Synchronous Motors
(PMSM) is also used with different control strategies [4],
[13]. Some applications of the pumping system call for
the asynchronous motor [9], [10]. Many techniques of
control have been applied to induction motor as direct

torque control (DTC) and field oriented control. The
concept of field oriented control (FOC) is firstly
developed by Blasche[14]. The FOC is a flux-torque
decoupling technique applied to AC machines. Two
approaches are possible: the direct field orientation
(DFO) based on the rotor flux angle given by a flux
observer or estimator and the indirect field orientation
(IFO) based on therotor dlip calculation, [15], [16].

In this paper an indirect rotor field oriented control is
synthesized for an induction motor (IM) associated to a
water photovoltaic pumping system in order to produce
the required load power. A synchronous boost converter
is used in the control scheme to adapt the DC voltage
required by the load when the insulation or the load
varies.

2. The IM Photovoltaic pumping system
model

The proposed IM photovoltaic pumping system
considered in thiswork is shown in figurel.
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Figure 1. The proposed IM photovoltaic pumping system configuration
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In order to convert the mechanical power to electrical
power required by the load, the stator of the induction
motor is supplied by a three phase inverter. The V,

voltage required by the inverter is provided by the PV
panel through the PWM controlled synchronous boost
converter.

2.1. Cdll and PV Models

The solar cell is an electric component that is used for
technologically converting the solar energy into
electricity to produce the electrical energy needs in some
application requirement. In order to prove their research
work, many authors proposed different models for the
solar cell [4], [17-20]. The electric model of a solar cell is
shown in figure 2 wherel ,, D, R, and R, represent

respectively the light-generated current source, the diode,
the series and parallel resistances.

o T P

o
Figure 2. Equivalent solar cell’s electric circuit

At the reference condition defined by the cell junction
temperature T_  and the insulation G, , the
photocurrent |, is equa to the reverse saturation
current I .

At the desired cell junction temperature T, and the
insulation G, the cell photocurrent |, can be deduced

from the reference data condition given by equation
where Kg., stands for the short circuit current

temperature coefficient.

ph —
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_(Isciref + Kgr (TC L )) (1)
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The desired reverse saturation current | is aso
obtained from the reference condition according to
relation (2), where E, , q, k and B represent
respectively the band gap energy of the semiconductor,

the electron charge, the ideal factor off the solar cell and
the Boltzman constant.

3
E
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Many others express the characteristic equation
relating the cell’s current |, to its voltage V, as
represented in (3).

c
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The solar panel can be composed of N, aray of

modules assembled in paralel; each one can be
composed of N, modules assembled in series. A module

can aso contain n, cells associated in series

configuration. This consideration expresses the relations
between the panel’ s and the cells parameters, relation (4).
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In this consideration, the non-linear characteristic
equation related the panel current | to its voltage V, is

shownin (5).
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2.2 Asynchronous Motor M odel

In the Concordia reference frame, the direct and the
quadratic components of the stator voltage are given by
relation (6).

Vg = Rigy +dd&
do. ©)
Vsq = Rslsq 'i‘d—ta:l

The direct and the quadratic components of the stator
flux and the rotor flux are respectively given by relations
(7) and (8).

(psd j lea:l + Msr.ird (7)
g =M+ L
(prd j Lrir(? + Msr.isd (8)
(prq - Mrslaq + Lrqu

The electromagnetic torque can be expressed by
relation (9) where p represents the motor pair pole

number.
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Cem = p%((prdisq _(Prqisd) (9)

r

When Park synchronous reference frame with the
stator flux is used, (6) becomes as follows, where w, is

the electric stator flux speed:

do,,

Vg =Rl4+ -0,

(10)

d(I)Sq
Vsq:RSISq+ p + 0Dy

The components of stator flux and rotor flux vectors
are linked to those of current vector by:

{CDS:I = lesd +Msr|rd (11)
O, =Ml +Llg
q)rd:LrIrd+Msr|sd (12)
D =Ml +L1,

The electromagnetic torque can be expressed by
relation (13)

M
Cem: pL_Sr((Drdlsq_(qulsd) (13)

2.3. Centrifugal pump model
The centrifugal pump model can be described by the

will known mechanical characteristic illustrated in
relation (14).

h=a,0f -a0,Q-a,Q* (14)

The hydraulic power B, and the load torque of the

centrifugal pump can be described respectively by (15)
and (16).

B, =pgH (15)
C =kQ’+C, (16)

The mechanical model of the electric motor can be
described by (17) where f, and C, represent

respectively the motor’s friction coefficient and the
hydraulic load torque of the centrifugal pump.

C,.=J, df;”‘ +f,.Q,+C, @n

2.4. Synchronous Boost Converter M odel

Figure 3 shows the structure of the famous
synchronous boost converter used in this research work,
[8]. As an assumption, the power devices are considered
to beideal. Thisidealeads to the consideration that when

the one considered IGBT is open, the current equals zero,
and when it is closed, the voltage is zero as well. Also,
both capacitive and inductive losses are neglected.

L (LR
o— MM
V

panel C1_|E

o
Figure 3. Structure of the boost converter

Relatively to the synchronous boost-converter
command, the IGBT dtate is defined by the PWM signal
that is characterized by the duty cycle o and the
operating period T .

During the considered operating time period T, the
IGBT1 is switched on in aT and switched off

in(1-a)T intervals. Inversely the IGBT2 is switched off

in aT and switched on in(1-a)T intervals.

As a first consideration, one can focus on the aT
interval where the IGBT1 is switched on; however, the
IGBT2 isnormally switched off.

The state space representation of the synchronous
boost converter with respect to the oT interval can be
deduced as:

: - 1

i L l =

L |_ L
et [vc]*tvpand -
Ve RLoadC
vV, =[0 1, V] (19)

Considering the (1-«)T interval, the IGBTL1 is

switched off and the IGBT2 is switched on.
The state space representation of the synchronous
boost converter for thisinterval can be deduced as:

-— —— 1
i L L IL =
L |_
LT i . 1 [VC + |(_) Vpanel (20)
\Y
c C RLoadC
Ve =[0 1, W' (21)

During the two intervals presented previously, the
converter model can be obtained by merging the two state
models (eg. (18) and(20)) presented above relatively to
the two intervals with respect to the IGBT state.

The average's boost converts model is given by (22)
and (23) where the control term « designate the duty
cycle indicating the converter action in the global model:
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R
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o | |1 1 VC 0 panel
Ve ¢ RLoadC
Ve=[0 i, V] (23)

If we designate by (¢, =1-c,) a Boolean variable

that takes the value (c, = 0) if the IGBT1 is switched off
and the IGBT2 is switched on and takes the value
(c,=1) if the IGBT1 is switched on and the IGBT2 is

switched off. According to this idea, the new global
model taking account of the boost converter model is
given as:

R e Ly
| L L L =
L|_
o l-¢ 1 [VC]+ (IS Vpanel (24)
\Y
¢ c RLoadC
V, = [0 1][iL VC]t (25)

3. ThelM field-oriented control strategy

After arrangement, the system of equation (10) can be
represented by (26) where the different related terms are
given by (27) and (28).

Var =V — By (26)
VSq :Vsql—Eq
dl M;
Van:O'Lsd_,:dJr(&Jer E ]Isd
(27)
Mg
Vsql_O'Ls—Sq'f'(& R?Jlsq
MSI’R’ MS'COI'
E, = .2 D, + (I),q +<7Lsa)slsq
“ M ra) M,R 28)
E,=-oLolg - IS_' D, + Ez O

Considering the rotor flux orientation condition given
by relation (29) and the famous relation (30), equation
(28) can be simplified to (31).

q)rd:q)r 29
o, =0 (29)
0y =0, +MS'R'I (30)

£, MR g oo,
' (31)
MS!'COS MSZ'R’
E,=-olLoly - L D, + 2 I
3.2 Edtimation of the rotor flux, the dip

frequency and the electromagnetic torque

The rotor flux can be estimated from the quadratic
stator current component obtained when the park
transformation is applied to the measured three stator
currents as indicated by the will known relation (32) .

O SLLE S (32)

r_

The dip frequency (33) is edtimated from the
quadratic current and the estimated rotor flux.

O o =———| (33)

The expression of the estimated electromagnetic
torque is given by relation (34).

M
Cemfes( = pL_SrcDrfesllsq (34)

T

3.2 Regulation of the stator current

The direct and the quadratic transfer functions
current/voltage are respectively given by (35) and (36).

1
R+R 2
Hop =g b (@

I
Ho(P) = =———— (36)

If the pole-zero cancellation method is used, the
expressons and the parameters of the Pl current
controller can be respectively expressed by (37) and (38).
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Cy(p) =Ky (1+ ! ]
T4 P
(37)
Clq(p) = Klq (1+ i]
MZ
Kld _Klq _(&"'R Lf J
ol (38)
Tig =Tiq = M2
R+R

3.3 Regulation of therotor flux

The transfer function flux/current is given by:

o} M
chrd (p) = I_rd = Lsr (39)
d 1+ " p
R

If the pole-zero cancellation method is used, the
expressions and the parameters of the Pl flux controller
can be expressed by (40) .

1
C,(p) = ch(l-i-r ]
. L‘Dp (40)
KC[> ZM—S; To :Er

3.4 Regulation of therotor speed

As shown by figure 4, a Pl regulator is used to control
the speed.

+ . 13
Qy »(?—»Speedregulaorgb(%—b e

Figure 4. Bloc diagram of the speed regulator

\

Q:(kpwz.p+km)Qref—pCr "
J.p +(kpm + f).p+kim

The denominator of relation (41) shows that the
system has a dynamic of second order that can be

2
identified with the canonical form 1+§ p+ p_2 . Inthis
wn n

consideration, the parameters of the Pl speed controller
are expressed by (42) .

J 1
K, of

26 K, +f (42)
o K

4. Simulation results and discussion

The simulation in this work has been developed in
Matlab/Simulink environment.

In this study, we consider that the load is fed by
the PV array through a boost converter.

4.1 Analyzes of physical sizes relating to the
photovoltaic panel and the boost converter

The command of the boost converter is based on the
DC voltage required by the load. This value is computed
as a reference boost voltage term. The figures 5 and 6
give respectively the panel’s and the output boost
converter voltages. The second one (figure 6) converges
towards the required DC voltage according to the first
one.
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Figure5. The panel voltage
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Figure 6. Output boost converter voltage

Figure 7 shows that panel current is perfectly
continuous with a good choice of the capacitance value
relatively to that of the inductance.

30

0p-----b-— b —

Panel current (A)

Figure 7. The panel current

4.2. Analyzes of physical sizes relating to the
induction motor

Initially, the induction motor is at stopped, a t=0, a

reference direct rotor flux and a reference electric speed
was applied to the motor.

The reference and estimated direct rotor fluxes are
respectively given by figure 8 and figure 9. It's shown
that the estimated converges strictly to the reference one.
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Figure 8. Reference direct rotor flux
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Estimated direct rotor flux (Wb)

Related to figure 9 (estimated direct rotor flux), figure
10 shows that the quadratic component rotor flux
converges to zero as an improvement that the rotor flux is
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Figure9. Estimated direct rotor flux

oriented to the direct axis.
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Figure 11 and figure 12 show that, the electric rotor

Figure 10. Quadratic rotor flux

speed converges to the reference one.

400

300

200

100

0

Reference rotor electric speed (rad/s)

-100
0

o

Time (s)

Figure 11. Reference electric rotor speed
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Figure 14. Estimated electromagnetic torque
Appendix
Table 1. Induction motor Parameters
Rated voltage Vg, 240V
Rated current | 42A
Rated speed Q) 157rad/s
Pole pairs p 2
Rotor resistance R 430
Stator resistance R, 9.65 Q2
Stator inductance L 4718 mH
Rotor inductance L, 471.8 mH
Magnetizing inductance M ¢ 4475mH
Table 2. Parameters of Pv module
Rated output power 216W
Open circuit voltage: V. 36.35V
60

Number of seriescells: N,

Table 3. Parameters of Pv Cell (Polly-crystalline silicon)

Open circuit voltage: V., 0.6058 V
~ 400 T T T
é N Lo L L L L Short circuit current : | 81A
é 200F - -~ > e R R R R Parallel cell’sresistance: R, 0.833Q
g 100y 1L 77777 1L 77777 1L 77777 1L 77777 rﬁﬁ* Seriescell’sresistance: R, 0.0833 mQ2
2 O=---- [ [ [ [ rTT T
R ; ; ; ; ; Solar cell’sideal factor : K 1.450
0 05 ! ﬂ,,]:(s) 2 25 s reverse diode saturation current | 3.047e-7 A
Figure 12. Response of the electric rotor speed Short circuit current temperature 1.73e-3A/°K
coefficient Kg.;
The electro_magnenc torque response (f|gur§ 13) as Referencecell'stemperature: T, 25°C
well as the estimated electromagnetic torque (figure 14) =
converge towards their target ones (rated values). Boltzmann’s constant: f3 1.38e-23
111ev

Band gap energy: Eg
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Table4. PV Array Parameters

Open circuit voltage: V. 254V

Short circuit current : | 8.1A
Number of seriesmodules: N 7
Number of parallel modules: N 2
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