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ABSTRACT

This paper presents a SEIG-IM system using a self excited induction generator driven by wind turbine and supplying an
induction motor which is coupled to a centrifugal pump. A method to describe the steady state performance based on
nodal analysis is presented. Furthermore, a dynamic analysis and performance characteristics are examined. The pro-
posed methodology is discussed in order to optimize the quantity of the pumped water. Therefore an optimal excitation
capacitor for a given wind rotor speed is determined and a suitable operation mode of the system is established.
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1. Introduction

Owing the increase of the depletion of conventional
energy and the degradation of environmental condi-
tions, the development of suitable isolated power gen-
erators driven by renewable energies as solar, geo-
thermal, biomass, hydro and wind energy resources are
envisaged to replace conventional resources [1]. Wind
energy is considered the most adopted, attractive and
practical of all renewable energies as it is available in
most sites. It consists of the conversion of kinetic en-
ergy into a useful form of energy such as mechanical or
electrical [2]. The main application is the wind water
pumping using turbines [3]. Many types of generator
are used for stand alone power generation in remote
and windy areas such as permanent magnet, brushless,
synchronous, asynchronous, variable reluctance. Self
Excited Induction Generator (SEIG) is the most used
for low and medium power generation thanks to its
lower cost, easy operation, brushless construction and
easy maintenance. It can sustain self excitation and supply
electric power while an appropriate value of a capacitor
banc is properly connected across its stator terminals
[4,5].

SEIG driven by regulated or unregulated turbine and
supplying a static or dynamic load has been undertaken
by many researchers and is well discussed in literature
[6,7]. Investigation in steady state operation are essen-
tially based on the analysis of the per phase equivalent
circuit of the three phase induction machine and on
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either the loop impedance [8] or the nodal admittance
concept [9].

As for the dynamic and transient operation, it was
treated for no load and for different loads: resistive
[10], inductive [11], capacitive [12], induction motor
[13], DC load, etc. In this context, this work presents
an investigation on a wind pumping plant (SEIG-IM)
using a SEIG driven by wind turbine and supplying an
Induction Motor (IM) which is coupled to a centrifugal
pump. A SEIG-IM performance analysis is developed
so as to determine the optimal excitation capacitor
which offers maximum pumped water for a given wind
rotor speed.

This paper is organized as follows: section two gives
the system modeling in static and a dynamic state. Sec-
tion three shows the computation procedure which
provides the optimal excitation capacitor that maxi-
mizes the volume of the pumped water. Simulation
results are discussed in section four. Finally a conclu-
sion resumes the developed work and its features.

2. System Modeling
2.1. System Configuration

The pumping unit, shown by Figure 1, is composed of a
wind turbine which converts wind kinetic energy into
electricity by means of SEIG. The produced power is
used to supply an induction motor coupled to a centrifu-
gal water pump. As the SEIG requires reactive power for
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Figure 1. Wind electric pumping system.

its excitation, a three phase capacitor bank is connected
across its stator terminals.

The IM cannot be supplied unless the SEIG stator
voltage build up process occurs. For this reason an oper-
ating mode switcher selects first the no load condition
(S = OFF) until the voltage build up process is accom-
plished. Subsequently the switcher is turned on (S = ON)
S0 as to connect the IM to the SEIG.

In order to analyze the performances of self excited
induction generator witch supplies an induction motor
driving water pump, a system modeling is required. Fol-
lowing, a steady state and dynamic modeling are pre-
sented.

2.2. Steady State Modeling

For a given excitation capacitance and wind rotor speed,
the steady state of SEIG-IM can be studied unless the
stator angular frequency , the IM angular velocity «,
and the magnetizing inductance of the induction genera-
tor L, are known. By examining per phase equivalent
circuit (Figure 2) and considering the magnetization
characteristics of both induction machines, two equations
are determined. A third equation is deduced from the
system power balance. All circuit’s parameters except the
magnetizing inductances L, . and L, , areassumed to
be constant and insensitive to saturation. In addition, core
losses and effect harmonics in the machine have been

ignored.
The loop equation involving the stator voltage Vs is
written as:

YV =0, VV, (1)
where, Y is the total loop admittance giving by:
Y = YMot + YC + YGen (2)

The expression of admittance capacitive Y. is giving
by:

Y. =jCw @)

The induction generator admittance Y, is expressed
as:

5G

Y (%, +Y)

Gen

Y 4y 47"
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1 1
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mg ij ) rG erG CU . ( )
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G
1

SG = .
R, +jL,,, @

As a consequence of the symmetry of per phase equiv-
alent circuit, the expression of induction motor admit-
tance Y,,, can be deduced from that of Y, by re-
placing the index G by Mand o, by o, .

Since under steady — state excitation ¥, =0, it im-
plies that Y =0 or both real and imaginary parts of
Y are equal to zeros:

F,=Re(Y)=0
{Fz ~Im(r)=0 ©

While the rotational loss torque, the windage losses
and damping factor are ignored, the mechanical power of
induction motor P, is equal to that of centrifugal

mec _ Mot

and it can be expressed as a function of

pump £,

nec _ pump

Figure 2. Per phase equivalent circuit of self excited induction generator feeding an induction pump motor.
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the equivalent circuit parameters:

F Pmec _ Mot - Pmec _ pump = 0 (6)
1- - 2 R' o @O, = 2
mec = 3R Il” S’n I l)‘ = 3 - = [ I)‘
Mot Mg M - M
m ™
()

The mechanical power of the centrifugal pump is giv-
ing by [14]:
T Q =K Q

mec _ pump = pump T [ (8)

where the T, is the load torque of the pump and K is
a coefficient computed by:

T
K — pmax 9
o ©)
T, isthe maximum rated torque and Q, ., Iis the

maximum rated mechanical motor speed.

The IM rotor current expression can by obtained by
the application of voltage divider theorem to the motor
circuit model:

_ zZ'. INZ

174 _ 7! ’ ™ my v 10
Vg = 2y Ty = 70 N Ly +Z oo 49
M

The stator voltage can also be expressed by the appli-
cation of voltage divider theorem to the generator circuit
model:

_ NZ, +Z
Vi=—r— Vo (11)
Z G // ZmG
where
1 1 1 =
er = me o ! Zs =5 V’”G _Zm Im(,
G Y' G Y G Y G
G mg SG
The motor impedances expressions Z' ,Z, ,Z

are calculated by the same way as above by replacing the

index G by M and @, by w, in expressions of
AN ,Zm‘,Zyﬂ.
G G -
- VA Z +Z z' Z —
|I',, _ e // mg M A My |ImG|
. le f(; // Zm(; // me +Z M
(12)

The IM magnetizing current me is formulated as a
function of 7'

in -

_l
7,

(13)

Equations (5) and (6) are nonlinear, where C ,
L, o, 0 and o, areunknown variables. Therefore

m

in order to solve these equations, two of these variables

Copyright © 2011 SciRes.

must be specified. Two approaches are considered in
literature [8,9,15]:

e To determine the steady state performance of the
SEIG-IM system, @, and C must be specified and
the equations must be solved for[LmG ,

e To determine the minimum capacitor value required
for the onset of self-excitation process C,

Mingg1G-im
L,; and o, must be specified and the equations

must be solved for| C, o, a)rM]

The above mentioned equations can be solved by
adopting the method of Newton Raphson and calculating
the corresponding Jacobian matrix.

Since saturation phenomenon is a significant factor in
the processes of self excited induction generator, the
variation of magnetic generator inductance L should
be taken into consideration to find the correct voltage
build up. Therefore, at each sampling step, the value of
the magnetic generator current ImGL is adjusted ac-
cording to L, thanks to a spline interpolation of the
generator magnetization measured characteristic. Then,

‘me‘ is computed using Equations 12 and 13. Finally,
L,, isadjusted according to the ‘YmM‘ value thanks
M

to a spline interpolation of the motor magnetizing meas-
ured characteristic.

o a,].

2.3. Dynamic State Modeling

In order to analyze the transient response of SEIG-IM, a
dynamic system modeling of the SEIG, the IM and the
centrifugal pump is necessary.

2.3.1. Induction Machines Models
Using the generator convention, the voltage equations of
the SEIG are expressed as:

d
Vi +R, L + Ve _g
_oa (14)
- d!// Ir ™
Rr(;]r(;+ dtG_J rGWrG_O
where, the fluxes of the SEIG are giving by:
Ve, = LSG Is, —LmG I'rG + Wi (15)

'//'VG :_LmGISG +L'rG IIVG_V/O

Jo represents the initial residual flux. The generator
magnetizing flux is computed by:

— L L'
mG

v, +L, L v +L
Vo = . .

mg o sg

L L' -L
G G mg

'
org o‘sGL org Vo

(16)
In the same way and by adopting the motor convention,
the voltage equations and fluxes of IM are respectively
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given by:

(17)

fsM +L, TmM
sM B M _ (18)
V/ g =L T M 1 e +LmM [mM

The motor magnetizing flux is computed by:

- _ LmM L + LmM LO’ Sm ; 'rM 19
(//mM - L L' — Lz ( )
SMm ™

myy

oy (// Sy

The stator voltage of both machines is expressed as:

Ve =V, = =—j I, dt (20)

1. represents the capacity current. It is given by:
I.=1, -1, (21)
To take account of the non linearity of the magnetic
material, the magnetization curve of both machines SEIG
and IM are implemented in their models: at each sam-
pling step, the value of L, and L, are adjusted. The

mg

mechanical equation that descrlbes this system is:
da)’M P, (T
M

22
da J, (22)

- Tpump )

where, 7, and T7,,, represent respectively the elec-
tromagnetlc torque produced by IM and the load torque

of the pump.

2.3.2. Centrifugal Pump Model
Due to mechanical losses, the useful power of centrifugal
pump coupled to the shaft of IM is:

P 77 Ppump fw g H Q (23)
where P

> .mp 1S the mechanical power given by Equation

(8), n represents the pump efficiency, ¢, is the wa-

ter density (Kg/m ), g is the gravity acceleration

(mZ/S) H is the height of rise (m) and Q is the flow

(m /S) For a pumping period AT , the volume of
pumped water (m*) is computed by:

V=0QAT (24)

3. Determination of the Optimal Capacitor

The work aims to maximize the amount of the pumped
water by minimizing the excitation capacitance value.
Referring to Equations 8, 23 and 24, the volume of the
pumped water increases while raising the IM mechanical
power (rotor speed). This is ensured by minimizing the
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excitation capacitance value. Therefore, the criterion
defined by “minimize Cso that ®, is maximum”
must be checked using an iterative procedure. First, it is
necessary to determine the minimum excitation capaci-
tance value for which the SEIG stator voltage builds up-

occurs at IM load operation (C, . ). Then the

MiNsEIG-1m
maximum excitation capacitance (C,,, ) is calcu-
lated considering the limitation of the current stator at
120% of its nominal value to avoid destructive over cur-
rent which causes serious damage to the system equip-
ments. Finally, the following steps are to proceed:

1) For a given wind rotor speed @, , the excitation

capacitance is assumed equal to C . for which

MiNsg1G-1m
the parameters of the centrifugal pump, the parameters of
the two machines and their magnetization characteristics
are defined.
2) The Newton Raphson iterative method is used as
follows:

a) The initial conditions are fixed and the substitu-
tions of parameters adopted in the resolution of Equa-
tions 1-13 are calculated.

b) The F =[F,, F,,F,] vector, the corresponding Ja-
cobian matrix and the X :[a), a’rM'ng] vector are
determined.

c) The L, value is estimated using L, Vvalue,
magnetic characteristics of both machines and Equatlons
12-13.

d) Using the new obtained values, repeat steps a, b
and c until the error on the vector X is less than a
given precision. In this case, the convergence is consid-
ered reached.

3) The obtained value of «, is saved and then the
excitation capacitance is incremented by 5ufF .

4) Repeat steps 2 and 3 until C value is equal or
greater then C,

maXsgiG-iv

Thus, for each value of o, , a database is established

in order to study the IM wind rotor variation function of
the excitation capacitance. The minimum value of C for
which @, ~ becomes maximum and substantially con-

stant is chosen. This value is considered as the optimal
capacitor.

4. Results and Discussions

The proposed method of evaluating the steady and dy-
namic state characteristic of a SEIG-IM is tested refer-
ring to a three-phase induction generator: 4.4 Kw,
220/380V,16.8/9.7 4,50 Hz .

This later supplies an induction motor: 1.5 Kw,
220/380V,8/5.6 4,50 Hz .

The fixed parameters of both induction machines used
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in simulation are:

RSM = SQ, RIrM = 57Q, PM = 2, Lo‘sM = Lo"rM =0.0034H
R, =1.02Q,
R'VG =1.0544Q, P, =2, L, :L'wc = 0.0056H

The magnetizing inductances of the both induction
machines are measured as a function of the magnetizing
currents by performing an open circuit test for which the
machines are driven at synchronous speed and a variable
voltage source is applied to the stator (Figure 3).

4.1. Steady State Results

The behaviours of the stator voltage 7 , the IG stator
current 7, , the IM stator current 7 and the frequency
are plotted ‘as a function of the excitation capacitance and

0.2

the wind rotor speed. The curves network for @, =

1007 rd/s and different values of ,, — %o
Wﬂ

0.025 is considered) are shown by Figures 4 and 5. It is

noticed that the increase in C causes a gradually in-

creaseof V., I and I .Asforthe frequency [,

G

it increases then remains constant.
A similar curves set of P, (C) for different values

of u is shown by Figure 6. For each curve, it is clear
that by increasing C from C to C

MiN g6
P, increases gradually. Nevertheless, since a certain
value of C, P becomes maximum and substan-
tially constant. At this functional point, the obtained

pump
value of C is considered as optimal C,,.

maxsgiG-iv -’

0.18F ————— ===~ — «(<77

0.14

L
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LmGen(ImGen)
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1L(A)
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Figure 4. VSG, |

Se
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variation function of excitation capacitance for various values of u.
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Figure5. I, , f variation function of excitation capacitance for various values of u.
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4.2. Dynamic Results

In order to determine the suitable operation mode of
SEIG-IM system driven by wind turbine at o, =w,,
the effect of the capacitance value on the stator voltage
waveform is studied. Firstly, Cisequalto C;, . It
is shown that the self excitation process does not occur
(Figure 7). This proves the necessity of functioning in
two stages. The induction generator is self excited at no
load (S =OFF in first stage), ¥ _ is established and
reaches its steady state value; then the motor pump starts
operation after a delay of about 1.5s (S=ON in
second stage).
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(C) characteristics for various.

Secondly, when C is equal to C, = during
the two stages, the stator voltage is established in first
stage and decreases rapidly to be eliminated during the
second stage (at IM operation) (Figure 8).

Subsequently, C is equal to C,

mingeigp,  AUNNG the
two stages (Figures 9(a) and 9(b)).

The self excitation process is well established and
maintained but ¥, and /[,  can reach peaks at no
load operation. This phenomenon is especially important
when working at high wind rotor speed @, -

Hence, the value of C is fixed at Cy,
the first stage and respectively at C

MiNgEG-1

C and C,, during the second stage (Figures 10

MaX sg1G-1m

during
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(a)-10(c)). The self excitation process is consequently
established and maintained.

For the same scenario of capacitance values, the @,
variation as a function of time is presented (Figure 11)
and their steady state values during the second phase

noted by @, , o , o, areexamined.
G min SEIG-IM G max SEIG-IM G opt
It shows that @, o) and
G min SEIG-IM G opt
w"GmaxSElG—IM = TGopt "

This proves the justification of the choice of the value
C,, calculated in the static state steady.

Therefore, the appropriate operation mode of SEIG is
that for which C is equal to C, during the

MiN 4t 1o loa

first stage and equal to C,, during the second stage.
Figures 12-14 show the variation of [ I I

asg ! arg ! mg

I, and [, as a function of time. The con-

mg ) Tasy M

Copyright © 2011 SciRes.

tinuous line curves are the curves obtained in dynamic
mode and those in broken line are obtained in static
mode. Good agreements between the two results are con-
firmed.

5. Conclusions

In order to optimize the quantity of the pumped water, an
effect of an excitation capacitor on the steady state be-
haviour of the SEIG-IM plant is studied to enable selec-
tion of optimal capacitance value for a giving wind rotor.
A steady state analysis is examined using the nodal ad-
mittance concept and the per phase equivalent circuit
which represent the model of this plant. The transient
performance of SEIG-IM system is moreover presented
and examined to determine the suitable operation mode
of this system.
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