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Abstract: This paper presents a SEIG-IM plant using a sekinetic energy into electric power: permanent magne
excited induction generator driven by wind turbiaed generator, synchronous generator, variable relaetan
supplying an induction motor which is coupled to ¢generator and brushless generator. The asynchronous
centrifugal pump. A system modeling in dynamicesi®t generator remains the most solicited thanks timits
established. A control strategy optimizes the gaotthe - oo jis reliability, its robust construction aitsleasy
pumped water is proposed. A fuzzy -controller 'maintenance [6]. It is also autonomous while self

implemented to adjust, while wind speed variatithe ited if itabl itor bank i d
actual value of the total capacitive bench to ifgtimal _eXC'te ! asu!ta € capacitor bank is connectedss
its stator terminals.

value. Following the system modeling and simulatior

results discussion confirms that the use of thexatvalue ~ In literature, various aspects of modeling and
for the excitation capacitance improve the pumperooi  Simulation of the SEIG operation are establishe@&]7
10%. 9]. Researchers are interested to the determinafion

) _ ~ the minimum values of capacity necessary to imtiat
Key words: Self Excited Induction Generator, Inductionina self-excitation process [10, 11]. Further ocaintr
Motor, Fuzzy Logic Control, centrifugal pump, opdim .
excitation capacitance, wind rotor speed. strategies to regulate voltage and frequency ofSSEl
according to the variation of the load and rotaresp
1. Introduction are also developed. Certain control strategiebased
Commonly, pumping systems installed in isolateon the study of the equivalent circuit by applying
sites use diesel motors. Classified very pollutimghe traditional resolution methods such as Newton
environment, the diesel energy tends to be replagedRaphson [6]. Likewise, other approaches used
renewable energy sources as: photovoltaic and wiradditional series capacitors in short shunt or Eimgt
Wind pumping is the most adequate solution for trconfiguration of the SEIG [12]. More researcherszd
windy sites. There are two types of wind pumpincthe duty cycle of an anti parallel GTO switch
electric and mechanical. Mechanical pumping systeconnected in parallel with a fixed capacitor [13].
is characterized by a direct conversion of wincekin ~ Finally, non conventional approaches such as fuzzy
energy into mechanical one. This system is nlogic are recently as well adopted [5, 8].
effective, difficult to control and must be instinear This paper proposes a SEIG control in order to
the water source [1]. However, the electric systém optimize the quantity of the pumped water. A fuzzy
wind pumping is based on the energy transformation controller adjusts the actual value of the totpbcaive
the wind into electric powawhich is used to supply a bench which is composed of several capacities
pump-motor unit. Thus, the wind turbine may bedsiteconnected in parallel and controlled by switchdse T
independently of the well. Moreover, the adaptatioapproach consists of ensuring the self excitatfahe
and regulation of the wind kinetic energy is pasdily induction generator at large range of wind rotaesp
using suitable electronics [2, 3, 4, 5]. variation. The capacity value is continually ad@asin
This work considers a wind pumping planiorder to maximize the mechanical power of the
composed of a Self Excited Induction Generatdnduction motor which is supplying the centrifugal
(SEIG) driven by a wind nacelle and supplying apump. As the voltage and frequency fluctuations are
induction motor which is coupled to a centrifugahot of great importance for the autonomous pumping
pump. Many types of generators convert the winsystems, the SEIG regulation constraint becomes



unnecessary. Nevertheless, the stators currenke of SEIG rotor speed)rG . While stator voltage is build up,
i 0,
two machines are controlled so as to overtake 1@0 A)the SEIG is connected to the IM. Therefore, thejuz

their nom!nal valu_es. controller adjusts the capacitor value to mainthin
Following, section two presents the control strateg o . . L

S ) self excitation following wind speed variation ated

The system modeling is given by section three. TE~

fourth section shows the obtained results. Finally, optimize the quantity of the pumped water.

conclusion summarizes the developed work. RlA )
Ry i

2. Control Strategy R \ G

The pumping unit, shown by figure 1, is composed a\f\ c

of a wind turbine which converts wind kinetic engerg Ry} >

into electricity by means of a Self Excited Indoati Fhasea, b, c AN C,
Generator (SEIG). The produced power is used to Rs\g\

supply an induction motor coupled to a centrifugal Re. ! GCs

water pump. As the SEIG requires reactive power for \ Co
its excitation, a three phase capacitor bank inected R7\§\

across its stator terminals. Thus, the capacityeval G
should be adjusted while wind speed varies so as to e Lo

ensure the SEIG excitation. The IM cannot be
supplied unless the SEIG stator voltage build up ' . -
process occurs. For this reason an operating mode Fig.2. Capacitor banc compositi

switchers selects first the no load condition (SEF)

until the voltage build up process is accomplishedN€ capacitance calculation should offer a SEIG

Subsequently the switcher is turned ON so as y&ltage around or less thés nominal value for low

connect the IM to the SEIG. A fuzzy control computeVind speed. For high wind speed, the SEIG voltage

the switch states to control the excitation capacie MY reach its nominal value which can be accepted
while the SEIG rotor speed varies. The self exoitat since the current stator does not exceed 120%s of it
of the SEIG is ensured following a wind speed ceang?®minal value. Hence, as the SEIG operation is
The excitation capacitance is calculated with resjpe  Maintained the quantity of pumped water is maxithise
limit the current stator at 120% of its nominalu&in o )

order to avoid destructive over current witch causd? order to develop an efficient switch states
serious damage to the system equipments. Consjderi@/culation, a control strategy is adopted to ensoe
safety criterion in over current case, the capadito MPOSed objectives and considering the safetyriite
disconnected in order to demagnetise the SEIGand'@@ble 1 summarizes the switch management approach.

lose itself excitation.

Table 1 : A control strategy

Wind turbine S INPUTS: {‘;fe
b Criteria Objective
c - Ensure self excitation of
- lg, <1.2lgy, | SEIG for a wide range
“lrg Centrifugal variation of wind speed
pump e <12 - Maximize the amount of
FLC .|..§ Capacitor Sm = Sw | water pumped
Bank
Fig.1.Wind electric pumping O_UTPUTS:
Switches control

Figure 2 illustrates the capacitor bank connection 3 sygem modeling and control

each phase. Each combination of switch controlggive |n order to develop the control strategy, a system
the sum of switched ON capacitors. FirstSisghel modelling is necessary: the SEIG, the IM and the
OFF then switch states are computed according d@ntrifugal pump.



3.1 Induction machinesmodels 3.2 Centrifugal pump model
Using the generator convention, the voltage egnatioCoupled to the shaft of induction motor, the céundgl

of SEIG arefexpressed as: pump uses a mechanical power given by:
Ve R Ts ¢ d‘gt% -0 W P = Toump @, (10)
R, T-,;‘“Z%— ja ', =0 The load torque of the punip,mpis expressed as [14]:
Where, the fluxes of SEIG are giving by: Toump=Kp &, (11)
W =l L Vit e @)

‘//Ire = _Lms I + LlrG IIrG_WQ

¥, represent the initial residual flux.

Where the coefficienK , is computed by:

K, =omex (12)

Tmax

The generator magnetizing flux is computed by: . . .
g - o gz P Y is the maximum rated torque aegl_ is the

. L L'ore @, T LmeLose? "o * Los Lore Yo (3) pmax
" L, L L maximum rated speed.

In the same way and by adopting the motor conventiddue to mechanical losses, the useful power is:

the voltage equations and fluxes of IM are giving®, =7 P=¢,,gHQ (13)
respectively by: Where/; represents the pump efficiency,, is the
Vs, =R T, + d‘zt (4) water density Kg/m®), g is the gravity acceleration
0=R,, T'rM+dlZd;”” a7 (m?/s), H is theheight of rise ify) and Q is the flow
(m®/s).
{,,,SM =L, Ts, * Ly, 1My . For a pumping periodT , the volume of pumped
Y=o ot M ®) water (m®) is computed by:
The motor magnetizing flux is computed by: V=041 (14)
Y, = Loy Lony ¥'s, * ng Los, ¥ (6) 3.3 Fuzzy controller
Ls, L'ny ~Lim, Unlike conventional control strategies based on
The stator voltage of both machines can be expilestheoretical studies and mathematical models, fuzzy
as: logic is funded on prior behaviour knowledge of the
Ve =Vs, V=2 j T, dt (7) System to be addressed. For this reason, the fuzzy
c approach is increasingly used in the control and

regulation of industrial processes. The implemémat

of a fuzzy control shows three main parts: fuzaifion,

I =lg ~ls, (8) rules and defuzzification. During the first stage a
membership function is attributed to the actualeaif

To take account of the non linearity of the magneteach input. The shape of membership functions used

material, the magnetization curve of both machinggr both input and output are triangular. The rules

SEIG and IM are implemented in their models. A§overning the relationships between inputs andutsitp

each sampling step, the value of a magnetic indueta are developed. During the last step (the defuztiéin)

is adjusted according to the magnetic flux thaoka t the real output is attributed to each fuzzy outjie

spline interpolation. input vector consists of two fuzzy variables: tHe &

rotor speedwrG and the value of relag (figure 3).

E represents the capacity current. It is giving by:

The mechanical equation that describes this syistem

dw, p, Fourteen membership functions are used for the firs
a3, ew  Teumo) (9 input and two for the second input as shown
respectively in figures 4 and 5. The fuzzy outpdter
Where, consists of seven variables representing the seven

switches; each one is associated to a capaciteelbf
defined value. Similarly, we use two membership
torques produced by IM and the load torque of thginctions for each relay as illustrated in figure 6
pump.

T, andToumprepresent respectively the electromagnet



AT
¥

L& 4

154

Fuzzy Lagic
Controller

ES

L& 4

b4

Y Y ¥ ¥Y ¥ YY

I i

L4

Relay$

e+

RS LT

[

]
n
]
Ta»
]
]
]

&

Fig.3. Simulink fuzzy control for computing the
switch states to controlling the excitation
capacitance.
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Fig.6.Output membership functions for each relay

* Read the fuzzy input S and determine the
operating modes: no load or IM load.
Then select the corresponding data base (note
that the data bases of the two models are
implemented in the models as look up tables).

« Determine the excitation capacity value
Cpaccording to W, and the selected data

base.
e Decide the new switches combination
(R ")z 7 according to two criteria:

t C=YRC
i=1

= As C, may be obtained for different
switches combinations, retain the
combination that requires minimum
actions on switches referring to their
last value.

4. Results and discussion

The fuzzy knowledge database is established
according to the static steady state. This base is
composed of two sets. The first part includes the
capacity values for which the SEIG stator voltage
builds up occurs at no load operation. Hence, dohe
value of ¢ the minimal value of capacity excitation

Crmin atnoloag 1S Calculated. In a second stage, the IM is
connected to the SEIG. Then for each sp@gd
Crin, atiM load 1S determined using equation (1-8),,,,

is calculated considering the limitation of the remt
stator atl20% of its nominal value to avoid destructive
over current which causes serious damage to ttensys
equipments. Consequentlg,, is identified for which

the IM power remains constant evendfincreases.
Figure 7 represents a set curves for various value
@, showing the variation of centrifugal pump power

(Poump) @s a function of excitation capacitance. It is
noted that for a given wind rotor speeg_ and a
variation of capacity WithifC ;i atim Load ; Cmaxl »
Poump iNCreases linearly then remains constant since a
certain value ofC notedC,,. Equations (10-14)

indicate that the quantity of the pumped water is

Following, the algorithm steps are developed for ngroportional tPpump- Therefore to optimize this

load operation and for load IM operation under

constant speed drive.

* Read the wind rotor speeg, and the last

combination of the switches sta{@s),_; ;.

quantity it convenes to choose the capacitancauateq
value that allows the optimization of the centrilg
pump power.

Figure 8 shows the variation of,y, C. and



Where:

w, l:)min = l:)pump( C= Cmin,atIM Ioad)
(w, =100 rad/s). Note that the wind rotor speed Popt = Poump( C = Copt)

@, considered during simulation is less the8e,in  This yields to value 10 %.

W

Crminatmioad @S @ function of u=

order to respect the security criterion € 1.21,).
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Fig.7. Variation of P, with excitation capacitanc

for various value ofg,_ . Since the data base is established, the fuzzyatamtr

, , , ‘ is implemented so as to control the capacitor fieic
! ! 1 1 The switch combination should decide gy value

! | Cmin g while the speedy,_ varies. Thew,_ profile was chosen

as indicated in figure 10.a and simulation resafts
SEIG-IM system are examined. Figure 10.b shows the
excitation capacitance variation as a functioniroet
during both operation phases. The time allowetién t
first phase (at no load) has been chosen equad to

?0400 *********** 4 - 1= Y Al
| | | | | | |
Fig.8. Variation of optimal, maximal and 3001 - - Z 2 K 2 N 0|
minimal capacitances with. o1 2 s 4 5 & 7 & 9 10
Figure 9 illustrates the variation &, as a function DR
of u for the two excitation capacitanceS,, i load ar —M -

andC,, . Itis noticed that for high and low rotor speed @

(us< 08andu>12), the value ofC,, tends to that of % 1 2 s 4 5 & 1 8 s 10
Fig. 10a & 10b SEIG rotor speed,_ and

excitation capacitance variation with tir

Cmin,at IM load - However, while the rotor speed is
around its nominal valu®@8<u<12; C,,is clearly

different of C, a1 1m10ad - TiS confirms the approach

In fact d:igure 11 shows the variationdf;, 1,, _andl,_as

power improvement devalued of about 10%. Sgen
using C,y instead of C, ami0aathe power a function of time. It is noted that even so adarg

improvement is evaluated as: variation ofw,_, the self-excitation is still maintained

z P _z = and the stator currenasg.,does not exceed 120% of
opt min X .

n (14) its nominal value.
2. Pon

n

A P%=100 2
[=)




Fig.11. Stator voltage-time, stator current-time
and rotor current-time characteristics of a SEIG.

5. Conclusion

In order to optimize the quantity of the pumped
water, a control strategy based on a fuzzy coetrisl|
developedA detail base which reflects the system
behaviour at no load and IM operation is estabtishe
and used to adjust the actual value of the total
capacitive following wind speed variation. System
modelling and simulation results has been
described and analysed. Simulation results
demonstrate that the control approach make a
pump power improvement of 10%. Actually, the
approach is under implementation in a real
pumping plant so as to maximize the quantity of

As shown in figure 12, while the IM is connectedhe pumped water.
(t>3s) it operates properly and his stator

currentlasy; does not exceed 120% of its nominaRppendix

value.
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Fig.12. Stator voltage, stator and rotor current of
IM as a function of time.

Figure 13 shows that f@ <t < 3s (no load mode) the
motor speedy  is null. However, whil8s<t < 9.5

the ay, variation follows the wind rotor speegi_ .

The safety criterion is not verified starting: 9.5s
since ay, exceeds 180% of its nominal value

Therefore the fuzzy controller adjusts the valu¢hef
capacity at its minimum value to demagnetise th€&SE
S0 as to lose its self excitation.
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Fig.13.IM rotor speedoorM variation

The nominal characteristics of SEIG when acting as
motor are4.4 Kw, 220/ 380V ,16.8/ 9.7 A50Hz

The nominal characteristics of IM are:
15 Kw, 220/ 380V ,8/ 56 A50Hz

The fixed parameters of both induction machinesluse
in simulation are:

Rs, =5Q Ry, =57 2,pm =2Lgs, =Lgy, =0.0034H

Rs, = 10202 Ry, =105440Q,pg = 2Ly, =L gy, =0.0056H

The magnetizing inductances of the both induction
machines shown by the figuke are measured as a
function of the magnetizing currents by performémg
open circuit test in which the machines are drigen
synchronous speed and a variable voltage source was

18

Fig.A. Magnetization characteristics of both
induction machines

Nomenclature
R, , R, : Stator and rotor resistance€()

L., L', : Cyclic stator and rotor inductancell ()
L, : Cyclic stator mutual inductancé-()
L, L', : Stator and rotor leakage inductandedsy

C : Excitation capacitor It )
pm : Number of poles pairs of IM



@, : Rotor electrical angular speethd /s)

Ju © Inertia moment of IM Kg/mz)

Superscript ' denotes the transformed rotor quantities based

on the stator. Indices and r stand for stator and rotor
respectively, whileG and M stand for induction generator
and induction motor respectively.
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