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VECTORIAL COMMAND OF INDUCTION MOTOR PUMPING
SYSTEM SUPPLIED BY A PHOTOVOLTAIC GENERATOR

Messaoud Makhlouf — Feyrouz Messai — Hocine Benalla *

With the continuous decrease of the cost of solar cells, there is an increasing interest and needs in photovoltaic (PV)
system applications following standard of living improvements. Water pumping system powered by solar-cell generators
are one of the most important applications. The fluctuation of solar energy on one hand, and the necessity to optimise
available solar energy on the other, it is useful to develop new efficient and flexible modes to control motors that entrain
the pump. A vectorial control of an asynchronous motor fed by a photovoltaic system is proposed. This paper investigates
a photovoltaic-electro mechanic chain, composed of a PV generator, DC-AC converter, a vector controlled induction motor
and centrifugal pump. The PV generator is forced to operate at its maximum power point by using an appropriate search
algorithm integrated in the vector control. The optimization is realized without need to adding a DC-DC converter to the
chain. The motor supply is also ensured in all insolation conditions. Simulation results show the effectiveness and feasibility

of such an approach.

Keywords: solar energy, optimization, photovoltaic generator, pumping, modelling, efficiency

1 INTRODUCTION

The increasing of the world energy demand, due to
the modern industrial society and population growth, is
motivating a lot of investments in alternative energy so-
lutions, in order to improve energy efficiency and power
quality issues. The use of photovoltaic energy is consid-
ered to be a primary resource, because there are several
countries located in tropical and temperate regions, where
the direct solar density may reach up to 1000 W/m. One
of the most popular applications of the photovoltaic en-
ergy utilization is the water pumping system driven by
electrical motors. The two main restrictions for using so-
lar energy are the high initial installation cost and the
very low photovoltaic cell conversion efficiency. The cell
conversion ranges vary from 12% of efficiency up to a
maximum of 29 % for very expensive units [1]. In spite of
those facts, there has been a trend in price decreasing for
modern power electronics systems and photovoltaic cells,
indicating good promises for new installations. Moreover,
the maximum power of a photovoltaic system changes
with solar intensity, and temperature; and dynamic loads
influence the performance by changing continuously the
operating point. In order to amortize the initial invest-
ments, it is very important to optimize the photovoltaic
water pumping system, by the use of power electronics
converters to adapt dynamically the electrical impedance
to the PVG for different operating conditions [2, 3]. Var-
ious studies have been carried out on sizing [4, 5], match-
ing [6,7] and optimizing PV systems [8]. DC motors
were initially used since they offered easy implementation
with cheap power conversion [9,10]. A number of exist-
ing operational pumping systems have shown that these
schemes suffer from maintenance problems. To overcome
this drawback, brushless permanent magnet motors have

been proposed [11]. How ever, this solution is limited only
for Low power PV systems. The induction motor based
PV pumping systems offers an Alternative for a more re-
liable and maintenance free system [12]. The motor char-
acteristics are severely affected by the PVG which was
considered as a current generator with dependent volt-
age source. For such applications, where the PV water
pumping system is driven by an AC motor (PMSM or
IM), a chopper and/or an inverter should be included in
order to perform the DC-AC conversion stage. For PV
water pumping systems, two types of pumps are widely
used: the volumetric pump and the centrifugal pump. It
is found that the PVG energy utilized by the centrifugal
pump is much higher than by the volumetric pump. In
fact, in the case of the centrifugal pumps, the operation
takes place for longer periods even for low insulation lev-
els, and the load characteristic is in closer proximity to
the PVG maximum power locus. In PV water pumping
systems, the maximum power point tracking (MPPT) is
usually used as online control strategy to track the max-
imum output power operating point of the PVG for dif-
ferent operating conditions of insolation and temperature
of the PVG. Different optimization strategies have been
proposed to improve the over all system efficiency .In this
paper a vectoriel control method has been proposed to
ensure the optimization of the whole system showed in
Fig. 1. Allowing the improvement of the efficiency maxi-
mization.

2 PHOTOVOLTAIC GENERATOR MODEL

The direct conversion of the solar energy into electrical
power is obtained by solar cells. A PVG is composed by
many strings of solar cells in series, connected in parallel,
in order to provide the desired values of output voltage
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Fig. 3. Characteristics of a solar-cell generator

and current. Figure 2 shows the equivalent circuit of a
PVG, from which non linear I — V' characteristic can be
deduced.

The cells are connected in series and in parallel com-
binations in order to form an array of the desired voltage
and power levels. Figure 3 represents the /—V and P—-V
characteristics of the solar-cell generator for five insola-
tion levels (in percentages).

Applying Kirchhoff law of current, the terminal cur-
rent of the cell is:

I=I,-1Ip. (2.1)

The light current is related to irradiance and tempera-
ture and the light current measured at some reference
conditions:

G
It = —(Ipres + ptrse(Te — Terer)) (2.2)

G'ref

where: Ir, .y - is the Light current at reference conditions
(A), G,Gyes is the actual and the reference irradiance
(W/m?), T, T, e - is the cell temperature, actual and at
reference condition (°K), and pirs. -is the manufacturer
supplied temperature coefficient of short circuit current
(A/°K).

The diode current is given by Shockley equation

q(V +IRy)

-1
VKT

Ip = Iy |exp (2.3)

where: V' - is the terminal voltage (V),I -is the re-
verse saturation current (A), + - is the shape factor,
Rs - is the series resistance (), ¢ -is the electron
charge 1.602x10719C, and k -is the Boltzman constant =
1.381 x 10~ 23 J /K.

The reverse saturation current is

—q

E EG
I, = DT3
0 o P T

(2.4)

where D - is the diode diffusion factor, g - is the mate-
rial band gap energy (1.12 eV for Si, 1.35 eV for GaGs),
and A - is the completion factor.

The reverse saturation current is actually computed
by taking the ratio of equation (2.4) at two different tem-
peratures, thereby eliminating D, similar to the deter-
mination of I, Iy is related to the temperature and the
saturation current estimated at some reference conditions

T. \3 lite 1 1
h=t(z ) e (7 7)) @
0 Oref Tc,ref P kA Tc,ref Tc ( 5)
Thus the I — V characteristic is described by
q(V + IRy)
I=1p — Iy (exp 5220 — 1), 2.
L o{exp kT, (2.6)

The shape factor « is a measure of cell temperature and
is related to the completion factor as

'YZANcstw (27)

where N.s is the number of cells connected in series per
module. A module is defined as an array of cells, usually
encapsulated for protection, as it is supplied by manufac-
turer; Ny is the number of modules connected in series of
the entire array. While R, and ~ are assumed to be con-
stant, I, is a function of irradiance and cell temperature
and I is a function of temperature only. The cell temper-
ature can be determined from the ambient temperature
and with the help of some standard test information. In
[13] the way to Evaluate this parameters based on the four
parameters model proposed by Townsend (1989), Eck-
stein (1990) and Fry, Bryan (1998) to be the most precise
model that good produced the I —V characteristics.
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Now only the four parameters I, Iy, Rs and -y need
to be evaluated, a method to calculate these parameters
has been developed by Eckstein [2], Duffie and Beckman
[1]. Since there are four unknown parameters, four condi-
tions of the current I and the voltage V are needed. Gener-
ally, available manufacturers information are set at three
points at the reference conditions, (G = 1000 W/m?,
T = 25°C) the voltage at open circuit Voc,reg, the cur-
rent at short circuit I,.,.y and the voltage and current
at maximum power Vi, rer and Ipp rer.

The 4th condition comes from the knowledge of the
temperature coefficients at short circuit pr,, and at open
circuit py,, .

Imp,ref = Isc,ref - -Z-O,'r‘ef><

Vi
ex , 2.8
p(Vmpmef + Imp,refRs)) (2:8)
Vi
0= Isc,ref - IO,T'ef exp( t f)’ (29)
IL,ref ~ Iscmef . (2.10)

Substituting equation (2.7) into equation (2.9) and solv-
ing for v and Iy .5 gives

Vi
L, (2.11)
oc,ref
q(Vmp,ref + Rs-[mp,ref - Voc,ref)
KT, pepIn(1 — Lmerer)

sc,ref

IO,ref = Isc,’r‘ef exp(—

Vref = (212)

The indices oc, sc, mp and ref refer to the open
circuit, the short circuit, the maximum power and the
reference condition respectively.

The cell parameters change with the solar radiation
G (W/m?) and ambient temperature T'( °K) and they can
be estimated by the following relations

I = (G/Gref) (LL,Tef + UISC(TC - Tref) y (213)

NsEq _Tc,ref )
a =)

Ip = IO,T‘ef (T/Tf'ef)gexp<

Y = Vref (Tc/Tc,ref) .
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 modu-
lating waveforms P. It can be shown from Murphy and
Turnbull [7] that in the case of a full bridge control and for
P > 9, the rms value of the fundamental motor voltage
Vo is given by

MV

7

For the case studied in Yao et al[l4], the modulation
index is set to: M = 0.8.

Vin (2.16)
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Fig. 4. H(Q) Characteristic

3 INDUCTION MOTOR MODEL

The mathematical dynamic model of the asynchronous
motor is described in [6,20] by the following equations

I, 1 M*R,
= - a - — Is s LsIs
dt ULS[ (Ba+ Iz )it + s Ll
MR, M
TT¢Td —+ Ewm@rq + 'Usd:| ; (31)
d]sq 1 M2RT M
e G+ ) L L
MR,
— &,y —owsLolsq + vsd} , (3.2)
L,
do,. —-R MR
dtd = I Tq)'rd + (ws - wm)q’rq +Trlsd )
- - (3.3)
do,. —R, MR,
1 — — Dy + (Ws — Wiy ) Prg +— 154
dt L, L, (3.4)

In this case, the induction motor develops an electromag-
netic torque T, expressed as follows
_ Mp

Te - (Isq(I)rd

i — Iya®,q) -

d,q: axes corresponding to the asynchronous reference
axes in Park model Ls, L., R, ,R, and M are: stator
and rotor main inductances, resistances and mutual in-
ductance respectively. J is the rotor inertia moment, o
dispersion factor. Isq, ®rq, Isq, Prq are d-axis stator
current, rotor flux and g-axis stator current, rotor flux,
and p is the number of pole pairs, ws and w,, are the
angular speed of the rotating magnetic and electric fields
respectively.
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4 CENTRIFUGAL PUMP MODEL

The head-Flowrate h — @ characteristic of a mono
cellular centrifugal pump is Obtained using Pfleider-
Peterman model [15,16]: The multi speed family head-
capacity Curves are shown in Fig. 4. And can be expressed
approximately by the following Quadratic form

H = apw?® — a1w@Q — axQ*. (4.1)
Where ag, a1, ay are the coefficients generally given by
the manufacturers.

The hydraulic power, resistive torque and the me-
chanic power are given by

Py =pgQH, T,=kw?+C,. (4.2,4.3)
The pump efficiency is defined as the ratio of the hy-

draulic power imparted by the Pump to the fluid to the
shaft mechanical power and is given by

prgHQ
= o (4.4)
ws

where @, H, p, g, ws and wg; are the water flow
(m?/sec), the total height of the well (m), the density
(Kg/m?) and the gravity (m/s?), the angular frequency
of the supply (rad/s) and the slip speed (rad/s), respec-
tively.

5 VECTORIAL COMMAND APPROACH

The vector control is based on the field-oriented con-
trol method. For the regulation of the main variables (cur-
rent, flux, speed) to their reference values, regulators were
used of the type PI.

So we have as interest to keep only the d axis flux
component, and that means to oblige the ¢ axis flux
component to be zero. The torque will be reduced then
to

M
Te=p— (cbrd-[sq) .

I (5.1)

Therefore the d and ¢ axis statoric voltages equations
will be

R, M?2
Vsd = (Rs + T)Isd
dlgy R.M
+ Lso T wsLglyq — TE(I)M’ (5.2)

dI, M
VUsq = Rslsq + LSU ! + WSLSUIsd + Wsi(bsd .
i Ln

The compensation has as objective to uncouple the two d
and ¢ axis voltages and currents. Under such conditions,
the system becomes linear like in case of DC motor. Thus
we have [17], [18]

Vsd + VUsde = Vsdl Vsq + Vsqge = Usql

where

Vsqe = _wsLsUIsq + ws (brd )

. (5.3)

M
Vsde = _wsLsaIsd + Wsi(I)Tq )

T (5.4)

are the compensation voltages.

The transfer functions of the plant for the controllers
of the vector-controlled induction motor drives can be
derived as shown in [19].

Speed and ®,.4 Flux controllers:

Gwm - = 5 5.5

T, Js+f (5:5)
D,q 1

Go , = = 5.6

Drg igd M + 117‘S ( )
Isq and I, Current controllers:
lsd 1

Gisa = = 5.7

isd Vdel Ra + O'LSS ) ( )
2 1

Gisq = 22 (5..8)

Vsql - Ra"‘V_O'LSS7

where S is the Laplace operator.

Based on those equations and after some algebra we
obtain PI parameters for speed, flux and current (Ta-
ble 1), where ff - is the viscosity coefficient of the in-
duction motor. After w,, is obtained upon calculation of
the transfer function of a closed loop, parameters K; and
K, are identified from comparison with a general second
1

2

2 52 -
1-1—&3—1-‘%?L

order equation

6 LOCATION OF MAXIMUM POWER POINT

At the maximum power point we have

oP oI
— JR— = . .1
7 =V =0 (6.1)

With the current described by equation (1.6), the partial
derivative of I with respect to V is

ol qV+IRs) ¢ (

ol
— = —1 1 — ). (6.2
oV 0 €xXP ch,ref’Y kTC,ref " RS ) (6 )

ov

An explicit expression for 88—‘1/ is obtained simply by re-
arranging the equation. Back substitution of this explicit
expression (3.15) and using I,,, for I and V,,, for V
gives:

q(Vinp + ImpRs)
ch,rcf

Iy, + Ipexp

@Vmp
kTe,refY )

L =0. (6.3
q(Vinp+ImpRs) ( )

chJ‘ef’Y

(1 +
1+ quijeI;)w

exp
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Table 1. PI Regulator Coefficients

Coefficients

K;

K,

p
Speed Jw? 2(éwn — ff)/p
Flux  2w2L,/R.M %onLy — Ry M
Current oLsw? 2LgEown — (Ra + RT(L]&_)Q)

Table 2. Error Estimation between the system before and after optimization

Non Optimized Results

Optimized Results

Relative Error (%)

G w Q w Q w Q
V V, V,
(W/m?)  (rad/s) m?/h n% Ph (rad/s) m?/h % Vo (rad/s) m?/h n% ph
1000 180 6.753 8.21 200 180 6.753 8.755 200 0 0 6.225 0
800 172.393 6.125 8.153 150.12 176.451 6.697 8.755 200 2.298 8.541 6.876 24.94
600 160.110 5.25 6.667 116.53 165.02 5.751 8.753 200 2.975 8.711 23.831 41.735
400 100.01 0 4.999 66.667 125.12  2.125 8.753 200 20.068 100 42.888 66.666
200 59.13 0 3.672 55 82.35 1.376 8.753 200 28.19 100 58.048 72.5
G (W/m?) LT("K) i — () )
IL T»
(6.3) e MPPT |, W’
Vp C ] I
[*Sq o VsqlV*sq - g v
2 O PI ‘>
Lilp™MFy + > - +_‘ . Converter
I+ Ly| Vi o Plasl [ DC-AC
F*, sd Vsdl % y# MLI
V. v sd se
Iy <-: Vse
F; Vsa I .
’ ™ Plas] [
1/s ke
t Circuit of
Estimation of decoupling
o and F ¥
A
i) Mesure of ®

Fig. 5. The Proposed optimized method with the current sensors shown as small ”ellipses”

To eliminate V;,, in equation (6.3), the general I —V
equation (2.2) is used, with I,,,, substituted for I and
Vimp substitutes for V. Rearranging to solve for V,,,, gives

Vmp _ ch,ref’Y 1D<IL - Imp
q

+Q—MR.
Io s

(6.4)

An explicit expression for I, is obtained by substituting
equation (6.4) into equation (6.3)

(Imp —1Ir — IO) [ln(ilL;olmP + 1) T Kooy

L+ (I — Lnp + Lo) kj{%uiif v

LnpRsq }

Loy +

Newton Raphson is applied to solve for I,,, using an
initial guess given by

Imp,guess =
G
Gref

NP(I’m,p,ref + ,LLISC(TC - Tc,'ref)) . (66)

Once I,,,), is found, V;,,;, may be calculated using equation
(6.4) and thus the current and voltage at the maximum
power point is determined as a consequence the maximum
power.

The centrifugal pump is more suitable for PV array
powered drive system since it does not require a high
motor starting torque.
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In the optimum state we have
_ 3
Pmpn - propt (67)

where P,,,, n are the maximum input power and mo-
tor efficiency. We need to know the optimum speed that
makes the system more efficiency.

If the system is operating in nominal conditions of
insolation and temperature, the last equation becomes

0 Current (A)

0 2 4 Time (s) 6
Fig. 7. I;4 and Isq current axis
Angular speed (rad/s
300 Jngular sp (rad/s)
ik
200
| ‘\v&
)/“'/’\\._\—
100 \\V/,
0
0 2 4 Time (s) 6
Fig. 9. Speed after and before optimization
Efficiency (%)
0
30
20
10 o H i
s
T :
0
0 2 4 Time (s) 6

Fig. 11. Efficiency versus time

where P, , 1, w, are the nominal values of input power,
speed and efficiency of the motor in nominal conditions.

From (6.7) and (6.8), we can define a new control
reference speed of the inverter that allows the system to
operate at its maximum power coming from the panel

output as follows
| Pn
Wopt = Wn ¢ .
PmpT]

To reach the peak power point in order to optimize the
whole system we proposed the scheme shown in Fig. 5.

(6.9)
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Fig. 12. Photvoltaic generator voltage before and after optimiza-
tion

7 SIMULATION RESULTS AND DISCUSSION

In order to verify the proposed field-oriented control
law, and maximum power point tracking effectiveness,
digital simulations were carried out.

Notice that the flux command set point is selected at
nominal value ®,4 =0.8 Wb and ®,, =0 Wb .

Figures 6-12 show the wave form of photovoltaic volt-
age, Rotor flux; and rotor speed response under the pro-
posed controllers for three insulation levels of insulation
G = 1000, 350 and 600 W/m?. The waveforms depicted
through this figures prove the feasibility of the Proposed
scheme shown in Fig. 5. It can be seen in Fig. 6. That the
flux magnitude is constantly maintained and stays at a
recommended value of 0.80 Wb .As can be seen the flux
has been maintained as constant although the developed
torque is Changed Fig. 8. Furthermore at the same time
the rotor speed converges to its reference determined by
equation (6.9).

It is important to note that even though the power pro-
vided by the photovoltaic generator is lower than its max-
imum this result has motivated the use of DC/AC con-
verter without needing to another ( DC/DC converter)
for ensuring the desired maximum power point tracking,
which essentially keeps the convergence power to its op-
timal value.

In order to test the efficiency of the proposed method,
we applied three levels of insulation just to be sure that
even in rapid changing in atmospheric conditions like
insulation or temperature the photovoltaic generator is
able to function around the optimal value. The result of
MPPT effect and the rate of difference system parameters
before and after optimization is illustrated in Table 2.
On account of the availability of rotor flux estimator, the
convergence of flux amplitude tracking to nominal value is
perfect without any additional control. The photovoltaic
voltage is maintained at it’s optimum value corresponding
to 200 V which indicated the optimal power.

One may also notice that it is very important to re-
alize that in general the optimization methods has an
important effect on the studied system especially when

the photovoltaic system work away from the nominal val-
ues of insulation and temperature, in very high level of
insulation (in our case 1000 W/m?) the optimization has
no effect on the system (Table 2), contrary to that in case
of G =400 W /m? there is an important difference in the
system parameters before and after optimization.

8 CONCLUSION

An optimal operation of a photovoltaic pumping sys-
tem based on an Induction motor was described. The
optimization criterion fixes the maximization of the mo-
tor efficiency, and where the extracted electric power is
controlled by the chosen MPPT method. A comparative
study was carried out on two systems: direct coupled and
the optimized. The simulation results show that an in-
crease of both the daily pumped quantity and pump effi-
ciency are reached by the proposed approach. In addition,
the proposed approach does not need two converters, it
uses only a DC/AC converter. Also we deduced from this
study that the optimization method has an important ef-
fect on the law levels of insulations where the photovoltaic
system work away from its reference values.

PV Array Characteristics:
PV generator: 19 series panell. GT0136 - 80/2,
AM =15. Py =80 W, Voorer =215V, I,, = 4.97 A,
Ipref =4.TA, Vipprer =169V, Noop = 45°C,
Grep = 1000 W/m?, T, = 298°K,
pr., =3 x1073A/°C, py,, = —82 x 107°V/°C.

IM Motor Characteristics:
P, = 1.5KW, f = 50Hz, I,, = 3.5A, Te = 12 N.m.
R =572Q, Ly =0462H, R, = 4.2Q, L, = 0.462 H,
M =0.44H, J =0.0049Kg/m?, p =2,
ff =0.0009 Nms/rad, K, = 5.333 x 1074(Nm)(s/rad)?,
K, =3.2 x 107*(Nm)(s/rad)?

Corrector Parameters PI (Speed, current, flux):
Ky =392, Ky, = 0.2, K;p =50, Kpo = 2.73,
Kiq = 3436.2, K,q = 11.46.
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