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Abstract— This paper conducts a fundamental analysis on the turbine units which include synchronous, asynchronous gen-
induction generator infinite bus system which is a useful represen- erators, pitch regulated, or stall regulated systems. A stand-
tation for a wind energy converter interfaced to a utility through alone scheme for wind energy conversion employing batteries
a transmission line. A third order dynamic model is used to rep-
resent the induction generator and the resultant nonlinear system for energy stora_ge gnd a permanent magnet_synchronous gen-
equations are analyzed to derive a condition that guarantees the €rator was studied in [1] where the wind turbine was the only
existence of equilibrium points (or steady state solutions) to the source of power. However, as opposed to synchronous gen-
dynamic system. This condition is used to derive three other aux- erators, induction generators are more favored for renewable
iliary conditions which compute (i) the minimum value of capaci- energy applications owing to their lower cost and higher relia-

tance, (ii) the maximum deliverable power and (iii) the maximum bility. Th itability of using inducti t f
external reactance that can be connected to the machine. Itis also PM1Y- 1he sultability of using induction generators for power

shown that terminal voltage regulation has a strong restrictive in-  Systems application was reported in [2]. In that paper, the au-
fluence on each the issues above. The analysis presented could be thors considered a simple test system consisting of an induction

useful tool for preliminary planning studies involving wind energy  generator interfaced to the utility. Then, the effect of induc-
converters. tion machine parameters, modeling requirements and voltage
Index terms : Induction generators, wind energy conversiofUpport requirements on the stability of the test system was in-
vestigated by numerical simulations. In [3], the impact of wind
turbines on steady state security was studied by the methodol-
ogy of load flow. In that paper, the authors used steady state

NOMENCLATURE models (PQ and RX models) to incorporate the induction ma-
« 7, : armature (stator) resistance chi_ne in to the I(_)ad flow analysis. In [4], the authqrs devglop_ed
« z1 : armature leakage reactance a Im_ear d_ynamlc_model based on [5] for dynaml_c studies in-
« 2,, : magnetizing reactance volving wind turbines. It must be remarked that simple steady
« x5 : rotor leakage reactance _state models such as t_he _PQ and RX models are used for study—
« 7, rotor resistance ing steady state security issues and the dynamic models (as in
« w, : angular speed of the synchronously rotating frame [2]; [4] and []) are often used to conduct dynamic studies. For
« s slip of the machine a preliminary analysis of grid connected wind energy conver-
. E': equivalent voltage source of the machine sion systems employing induction generators, one is justified in
« I, : armature current the machine studying a simple, but representative system as shown in Fig.1
« U : terminal voltage of the machine whereC represents the capacitor bank at the terminalsep-
« T : rotor open circuit time constant resents the transmission line impedance &hddenotes the
. 2 - transient reactance mechanical input power extracted from the rotors of the wind
« P.: electrical power output of the machine turbine in to the. induction gene_rator. _Therg are several fac-
« P,, : input mechanical power to the machine tors that determine thg connection of induction generators to
. H - inertia constant the utility network. In this paper, we focus on three steady state
« I.: current through the compensator bank issues that warrant study namely,
« E, : magnitude of the infinite bus voltage A size of the capacitor bank : in traditional schemes em-
« 7. resistance of the transmission line ploying cage rotor induction machines, the capacitor
« 7, : reactance of the transmission line bank is normally standardized and based on achieving
« Y.: admittance of the capacitor bank unity power factor operation at nominal power and volt-

age.

B the maximum electrical powei) that the machine can
safely deliver to the grid without endangering system sta-
IND energy conversion has emerged as a viable alterna-  bility.
tive to meet the increased demand for energy resourcesC grid strength£.) : the weakest grid to which the machine
in the recent years. There are different configurations for wind  can deliver a specified amount of power without endan-

I. INTRODUCTION



gering system stability, or safe voltage margins. sider the transient effects, but neglect the subtransient effects

In determining the issues (B) and (C) listed above, the tradif the rotor. Also, the model assumes a balanced network and
tional approach has been the use of numerical techniques alorglects the electromagnetic dynamic effects of the stator. Fur-
with power system simulation. In this paper, we propose an &#her, we shall reference all quantities to a synchronously rotat-
ternative approach to determine the grid interconnection issuieg frame. Then, the machine can be modeled as an equivalent
(A, B and C). A third order dynamic model ([2],[5]) is usedvoltage source’’ behind an impedance + j2’. The dynamic
to represent the induction machine and then, the behavioresfuations associated wifff are then given by
the system in steady state is studied simply by analysis of the dE'

o - . 4 1
equilibrium solutions of the resultant nonlinear dynamic system = —jsws B — F(E/ — gz, — 2)Iy) (1)
equations. Specifically, the issues A, B and C are addressed as ¢ o
follows. It must be remarked that the model used above is widely used

1) Suppose a certain input mechanical torque to the miar transient stability studies and analysis of dynamic phenom-
chine and the external reactance of the transmission liapa involving induction motors and generators (see [4] and [6]).
are specified. What is the minimum capacitance of tfiehe armature (or stator current) is obtained from
compensator bank that is required to sustain the resultant , .,
equilibrium or steady state ? What is the impact of ca- U—E = (rs+jz)ls (2)
pacitor size variation on the equilibrium 2 The mechanical equation governing the inertial dynamics of the

2) Given ana priori value of the capacitance of the comyqioris given by ([6])
pensator bank and a certain external reactance, what is
the maximum real power that the generator can deliver to P p - —2H@ ®)
the network ? 1—-s € dt

3) Given ana priori value of the capacitance of the Compenyhe circuit equivalent of the system obtained by connecting

sator bank and a specified input torque to the machinge jnguction generator to the infinite bus through an external
what is the maximum value of the external reactance ("ﬁnpedance is shown in Fig.2.

the weakest network) to which the machine can deliver

the corresponding electrical power ? ) .
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Fig. 2. Equivalent circuit model
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Let us denote the following quantities.
Fig. 1. Schematic system representation o E.=Re{l'},E, =Im{L'}sothatt! = E,. + jE,, .
o I.=Re{l;},I,, =Im{I;} sothatl; =1, + jI,,
e U, = Re{U},U,, = Im{U} sothatl = U, + jU,

After setting up the dynamic machine equations, we first de- ; . ;
gup y q Neglecting the stator transients, the network equation can be

rive a condition that guarantees the existence of an equilibrium

(or steady state) solution to the dynamic system. On furthvélptten as
analysis of this condition, we shall derive three auxiliary condi- E,-U UY. — I — U-F (@)
tions to study the issues discussed earlier. The rest of this paper Te + JTe T g 4 g

IS orgamzed as fOl.IOWS' In Sec..2, a dynamic model of 'the "Erom Eq.4, the terminal voltagé can be expressed in terms of
duction generator is used to arrive at the system equatlons.Elrnas follows

Sec.3, the system equations are analyzed to derive a criterion

that guarantees the existence of an equilibrium. Further, this [ U, ] 1 [ ai;  a ] [ v ] 5)
criterion is used to arrive at the limiting conditions for each of Un, D | —ai2 ann bl

the issues addressed in the list above. In Sec.4, the effect of ) ) o .

variation in capacitance is studied on (i) terminal voltage regith€re D = ai; + ai,. Substituting Eq.(5) in to Eq.(4), we
lation, (ii) maximum external reactance and (i) maximum ele&&n solve for the currenk, in terms of £, £, ands. The

/ /
trical power. Finally, the conclusions are summarized in Sec.&onstantsu, a2, by andb, are dependent on the network and
the machine parameters. The expressions for these constants

are presented in Appendix Il. The electrical power developed

1. SYSTEM MODEL :
. ) ) . by the machine®.) can now be expressed as
We shall represent the induction machine by a third order

dynamic model as described in [5]. In this model, we shall con- P.=—Re{E'I}} (6)



Upon substituting for, and P, equations (1) and (3) can beA. Minimum Capacitance

expressed as In this section, we shall compute the minimum value of

Y: E, =wssEy, — Eby + as (7) the capacitance at the terminals of the machine, by using the
E,, = —E, by —w.sE, ®) criterion in Propomflon 1. Specifically, we see_k to answer the
p following question “Suppose that the mechanical input power
- (9) to the machine?,, and the external reactance of the system
2H(1 - s) are specified. What is the minimum value @fthat ensures
whereas, a, andb, are constants as defined in Appendix Bthat an equilibrium exists foE ?” The answer follows readily
Equations (7), (8) and (9) describe the dynamical equationstsf using the criterion (Eqn.(10)) in Proposition 1. We shall
the induction generator-infinite bus system. For brevity, let ygate this result as described in the following proposition.
denote the system above By Now, the steady state behav-
ior of the entire system can be simply studied by looking #roposition 2: Given the input poweP,, > s andz, > 0, an
the equilibrium points of. In the following section, we shall equilibrium toX exists if
analyzeX: to seek conditions which determine the existence of
equilibrium points. os0.. - et T’ — Bmin (12)
man :cew’ws

s = a4Em

Ill. WHEN DOESY POSSESS FEASIBLE SOLUTIONS

In this section, we shall first seek a criterion that guarante®§€r€lmin is the least positive real root of the polynomial
the existence of an equilibrium point far. The key idea is to

obtain a solution for tk?e slip of trf)e machine in ter)r/ns of the net- 201 +2°05 + 2705 + @Bu + 5 = 0 (13)
work parameters, the physical machine parameters and the in- B2?

put mechanical power to the machine. Upon setting the deri0F = Taaz

tives (i.e. the RHS of Eqgns.(7), (8) and (9)) to zero, we can ex- ) L

plicitly solve for the equilibrium of2 in terms of the network | Proof: First, we shall EXpress the discriminant of Eqn.(11)
parameters and the input mechanical powgr. The solution In ter_ms (_)fa?' Af‘ef substituting fom?fa?’ and_bQ from Ap-

for the slips is obtained from a quadratic equation. Then, it iQend'X_B_ in to equation (11), the conditiah > 0 is tantamount
evident that the systeni possesses an equilibrium if and onlyf© réauiring that

if the slip s is real. This requirement and the associated condi- 4 3 9
tion is sSmmarized inthe fgllowing Proposition. Later, we shall filaz) = axf +axfh + azfs + arfa+ 5 <0 (14)
use the criterion in this Proposition to obtain the limiting Condlivhere,

tions namely, the minimum capacitance, maximum deliverable

power and maximum external reactance as explained in section By = AP2w?a?
1. 2 2
. . S = 8P wiT,x,T
Proposition 13 possesses a feasible equilibrium if and only Pa Sl ° 2“ 23
if B3 = 4Ppwskq( Prwstaxs — aoEpxs)
2
A=a;—4dagaz >0 (20) By = 8mesxexox3aoE§
2
where, Bs = —4P,waie? B — o/ "Epa?

a1 = agbngwf — ’LUSEb(l3b2
Qg = wsEbang and a3 = agbgpmbg.
Proof: Upon setting the derivatives of equations (7), (8ypserve thath, > 0,08, < 0,0, > 0and s < 0. The sign
and (9) to zero, we obtain a solution for the siijn the form of 4 depends on the value d?,,. Letx — E2? When
3 m- —

of a quadratic which can be expressed as . : wsTa®y '
g P the machine parameters are fixed, the valug dépends only

s*aq + saz +az =0 (11) on the external reactance. In the range ofr. that we con-

Itis clear the the system can have a feasible solution if the sfijfié" which is).2 < z. < 0.8 and for the machine parameters

is real and vice-versa. The claim in the proposition merely a¥€ consider (see Appendix I), the corresponding range isf

serts the non-negativity of the discriminant of the quadratic fh01 < & < 0.16. Then itis reasonable to considey, > « in

Eq.(11) so that the systempossesses real solutions. W the normal operatlng_ range of the ggnerator. Now, consider the

Note: The parameterss, b, andas and hencegq, s andas roots of the polynomiaf; (a2) = 0. Given the signs of the co-

are functions of the network parameters C' and the input efficientsfy, ... 35, a simple application of the Routh-Hurwitz

mechanical poweP,,. This in turn means that the equilibriumcriterion indicates that for the polynomigi(az) = 0, there are

and consequently, its existence is a function of the tripFBree roots whose real parts are positive. Let us denote these

(C, ., Py). If any two quantities in the triple are held fixed fOOtS @s\1, A2, A3. Accordingly, we have two cases.

the equilibrium moves as we vary the third. In the analysis €a&e a:all three roots are entirely real.

follows, we shall exploit this dependence to arrive at suit@8ige b: one root (say\,) is real and the other two are complex

limiting conditions for the variation of each of the quantities in ~ conjugate (i.els = A3¥).

the triple. In the first case (a), lef,,i, = min{A1, Az, A3}. For the
second case (b), let,.;,, = \1. Clearly, ifas < Bnin, then,




fi(az) < 0 which impliesA > 0 which in turn, assures the proposition.
existence of an equilibrium. So we obtain,
Proposition 4 : Given the input power,, andC, the maxi-
ag = e + 2" = Yoxer' < Bmin (15) mum external reactance to which the machine can deliver power
is given by
Then, the claim in the proposition readily follows from 2™ = g (20)

Eqn.(15). [ _ _
wheren is the largest positive real root of the polynomial

B. Maximum deliverable power f3(xe) = alm 4+ 250 + adng + a3y + 2205 + xeme + 17 = 0
In this section, we shall compute the theoretical maximum o (21)

power that the induction generator can deliver to a given extdii€ termsy;, i = 1,2. .. 7 are as described in the appendix.

nal reactance. Specifically, suppose we are given the capaci- Proof: The conditionA > 0 from Proposition 1 is equiv-

tance of the compensator bank and the reactance of the tr&H§Dt 0 Eqn.(17) in proposition 3. Expressing the tetms,
mission network, then what is the maximum valuerf be- andas in terms ofz, yields

yond which an equilibrium t& does not exist. Again, this can 4406 5 4 .3 9
be readily answered by the criterion in Proposition 1. In thist> = ~telzem it enstainataons +aene it (22)

analysis, note that we hold andz. fixed. The result is sum- Note that iff3(z.) < 0, thenA > 0. The conditionfs(z.) < 0

marized in the following proposition. can be clearly met if:. < 7 which is the claim in this proposi-
Proposition 3 : Given the input power’,, andz. > 0, the tjon. ]
maximum real power that the machine can deliver to the net'Note * In this case (as Opposed to propositions 1 and 2),
work is given by the algebraic form of the coefficients, . . . n; are complicated
which makes it hard to analyze the signs of these coefficients
E 42 i
P = b3 2+ 1+ a;S] (16) and deduce the structure of the roots of the polynomial
4w5a2 b2 fg(fEe) =0.

Proof: For an equilibrium to exist, we need (from PropoRemarks:
sition 1, Egn.(10))A > 0. Substituting for all the terms if\,

we get 1) In proposition 2, we assum@,, andz. as specified (i.e.
e 9o o yins ) fixed) and calculate the minimum capacitari¢g;,, as a
A = by{wi Eyaz — 4a3b5 Pw; + 4agby Eyaz Py} (17) function of P,,, andz..

2) In proposition 3, we assume th&tandzx,. as specified
and calculate the maximum power ttf** that the ma-
2, 9,9 9 9 9 9 chine can deliver to the network.
F2(Pm) = Py, (403b505) — Pn(da2byws Byas) — waEyag (18) 3) In proposition 4, we assume thét, and C' as speci-
= (Pmn—m)(Pn —72) <0 fied and calculate the maximum external reactancto
which the machine can deliver the specified power.
Note that all the three propositions directly follow from
Proposition 1. The three propositions explicitly charac-
terize the functional dependence®fP,,, andzx, for ex-
istence of equilibrium points when any two of them are
held fixed. In the next section, we study the effect of
%[2 + 1+ 4%] (19) capacitance on the terminal voltage regulation. And fi-
4wsag b3 nally, we numerically study how the minimum required
capacitance, maximum deliverable power and maximum
u reactance vary as a function of the their respective param-
eters.

Clearly, A > 0 implies that,

Note that we have labelled the two roots of the equation 4)
f2(Py,) = 0asy; and v, wherey; > 0 andvy, < 0. Then, it

is clear that the maximum value &f,, is decided byy;. Thus

we have,

Pmam:,Yl:

C. Maximum external reactance

In this section, we shall assume that we are given the V. VOLTAGE REGULATION AND ITS CONSEQUENCES
mechanical input powerH,,) and the value of the capacitance Inthe analysis carried out so far, we have not investigated the
(C) at the machine terminals. Then, the question we widlearing of the various parameters namély:. and P,, on the
to answer is, “what is the maximum value of the externaérminal voltage ') of the machine. In this section, we shall
reactance (which we shall denote a§“*) to which the study the effect of the capacitancg)(on the terminal voltag¥’
machine can deliver the specified power ?”. This can ber various values of the external reactance and input p&yer
readily answered by rewriting the terfnin Proposition 1 as a Not surprisingly, the dependence of the terminal voltage on the
function of z.. After a few algebraic manipulationgy can be capacitance is strong. Next, we impose a reasonable operational
arranged as a polynomial (6’th order)dn. Then the criterion constraint tha0.95 < U < 1.05 which allows a+5% variation
for the maximum value of:. is obtained from the following of the steady state terminal voltage around the nominal value of



1.0 p.u. This constraint then effectively yields the allowable or

permissible range for the variation in the capacitance. Having |
obtained the effective range for the capacitance, we can obtain
the corresponding ranges for the maximum transferable power ==
Prnaa andz**®, the maximum external reactance to which the = L f,;_t.i L

machine can deliver power. This is done as explained below. R
After solving for the equilibrium points as described in the ap-  osf
pendix, we can write

Erxe + be, mee
= 7Um =
az az

Ul =vU+UZ (24)
A. Effect of capacitance oR™** andz[***

The variation in terminal voltag€& with capacitance is plotted In thi . hall hicallv study the effect of i
for various values of the external reactance. Figure 3 shows g Mis section, we shall graphically stu yme etiect ot capac
plot of the terminal voltage whe®,, is held constant at 0.9 !tance on the maximum deallveral'alg powerte® gnd the max-'
p.uforz. = 0.2,0.3,0.4 and0.5. Similarly, Fig. 4 shows the imum external reactance™*. This is done mainly because it

terminal voltage variation wheR,, = 1.0. In both the plots, is hard to gauge this dependence directly from Eqns.(16) and

we observe that the terminal voltage rises steeply with capa@c—?r)]'s lf'z) f]ffj};g”éé'é"; anfé;';aﬁizdggeeg a:alglct)l)callz_exp;reess—
tance and more so, at higher values of the external impeda@ e g- e an. - migu

1 1 ipMmax max 1 -
x.. Now, imposing the constraint thét95 < |U| < 1.05 natu- and 6 show the variation iff"** anda"* with the capaci

rally imposes a suitable constraint (in other words, restricts thaear;(:s?gé;rlorgb'gge'sl’ \(/)ve zoéiéﬁgtavgzilli O'i’ vl\[/) hen tit:)éz aci
range) on the capacitancé For a given value of?,, andz., y O P P P

. 5 ) ” )
let us defineC),,, as the capacitance required to maintain th:%ﬁziﬁfé?nxal?eall Aol\slvc;?gﬂ(t:e;?s: ;hg ceLpaglﬂvev\r/ﬁﬂliJrl]r;rgae;f
terminal voltage magnitud& at 0.95 p.u and’}; as the cor- P P O p.ugoup 9

responding value to maintain the terminal voltage at 1.05 p.\@![uf: ?: thetllge r'?a\(/:\}r?imr;]et.h F'rgﬁ ;;ifrl]ows :3W|it/her maX|milfJimd
WhenP,, = 0.9and 1.0, the capacitive limits”;,,,, Cp; (€x- external reactance to ch the machine can deliver a specitie

pressed inl0~3 p.u) for various values of the line impedancieal power, varies with the capacitance. From Fig.6, we note

are summarized in Table.l. As one can note from Table.l, the ?_at whenp,, = 0.8, 2" rises rat_her sharply toa max'[‘},,“m
fective range of capacitance; — Cj,.,) shrinks quickly with of about 0.7 p.u when the capacitanceis nearly4 x 10
increasing values of the external reactance. When= 0.2, p-U. V\./heanmZO_Q and1.0 p.u, for nearly the same value of
we get a capacitive range of &30~ p.u which reduces to capacitancey;"** is about 0.62 and 0.57 respectively.

0.05x10~2 p.u whenz, = 0.5. s

U,

(23) Fig. 4. Terminal voltage variation whed,, = 1.0

TABLE |
SUMMARY OF CAPACITIVE RANGE FOR VOLTAGE REGULATION

line reactance P, =0.9 P,=1.0 Lot
CVlow Chi C'low Chi
T, = 0.2 1.5 2 1.8 2.2
z. = 0.3 1.7 2 2.0 2.2
. =04 1.9 2.1 2.2 2.3 or z =5 _ » A
z. = 0.5 2.1 2.15 2.3 2.4

Fig. 5. Effect ofC on p™e®

X, = 0.57 -
b -

uipy)
\

Fig. 3. Terminal voltage variation whef,, = 0.9 Fig. 6. Effect ofC onzT%*



B. Effect of line reactance off,,;,, model is used to represent the induction generator. The resul-
In Fig.7, the minimum capacitanc€,;,) is plotted as a tant system equations are analyzed to derive a criterion which
function of the line reactance. for different values of the in- €nsures the existence of an equilibrium or steady state solution
put powerP,,,. Note thatC,,,;, is computed from Eq.(12). In to the.s.ystem. This criterion is fyrther analyzed to compute (i)
the plot, C,,;,, is set to zero whenever Eq.(12) yields a negéhe minimum value of the capacitance of the compensator bank
tive value ofC,,,. From Fig.7, we see that at lower values of0 deliver a specified value of real power to the given network,
the line impedance., capacitive compensation is not require&") the maximum real power deliverable by the machine to the
for an equilibrium to exist. As the line reactance is increasdtwork and (iii) the maximum external reactance to which the
for a fixed mechanical power input, capacitive compensatii@chine can deliver power. This approach is seen to provide
is required beyond a critical value of the line reactance. Frovgeful analytical insightin to the operation of an induction gen-
the plot, it is clear that the critical line reactance reduces as fi@tor connected to an infinite bus. A numerical study of the

input powerP,, is increased.

x 107

effect of capacitance on terminal voltage regulation indicates
that terminal voltage regulation has the greatest limiting influ-
ence on the power transfer and the weakest transmission line

Clo)

ST that can convey the power to the infinite bus. Thus, the anal-
ysis presented could be a useful tool for preliminary planning
studies involving wind energy converters.

APPENDIXI
INDUCTION GENERATOR DATA

Base voltage = 660 V, Base power = 350 k\#A, = 0.0639p.u,

Fig. 7. Variation ofC,, ;1

C. Discussion

z, = 0.1878 p.u,r, = 0.00612 p.ur, = 0.00571p.u, z,, =
2.78 p.u, H = 3.025s, ws = 1207 rad/s,F, = 1.0p.u

The machine constanf§, =’ andz, are defined as follows:
T(; = z;j,f‘mamo =z, + Lm,s = Ts+ ;ir_:;:n

APPENDIXII

1) In Fig.3, we observe that for the different valuesaQf COEFFICIENTS AND PARAMETERS
ranging from 0.2 to 0.5 p.u, the curves roughly seem to In Eqn.(5), the parameters are described as follows.
intersect at a point when the terminal voltage is slightly

higher than 1.0 p.u. From Table.l and Fig.3, this point a11 =7re + 715 — &'Yere — Yoz,
is approximately seen to be 2:1073 p.u. A similar a1y = xe + 2 + Yorgre — Yoa'z,
feature is noticed in Fig.4, wheR,, = 1.0. In this b, = Eyre — Emie + Eyrs

case, from Fig.4 and Table.l, the value of capacitance is
seen to be approximately 2:210~3 p.u. These observa-

by = Epre + Erxe + Ept’

tions indicate that the task of steady state terminal voltag@Ean_m, (8) and (9), the parameters are described as follows.

regulation with changing external line reactance can be

achieved with minimum capacitive switching effort if the 4y = o + 7' — Yoxoa, by = 92 = Te 4y
capacitance of the compensator is set close to this value. ’ age’ 7" ’

2) In Fig.5, we notice that sustaining a power output bigg%r _ 1 b QT By B
than 1.0 p.u from the machine at higher values of the liné — (1 +zab1) , 0 @=L M T 9,

reactance requires prohibitively high values of capacitive

compensation. This is because we get prohibitively hi
values for the terminal voltage at these high values of ca-

pacitance.

3) In Fig.7, we notice that beyond a critical line reactance,

h In proposition 3, the coefficients, . .. 57 are defined as fol-
WS.

m = K1c4b27 No = —2abc* K + 422V K,
ns = Kia’ct + 42702 K, + 222V K, —

the minimum capacitive requirements go up steeply at
first, with increasing values of the line reactance. Observe
that the curves saturate when the line reactance is about
0.6 p.u. For an increase in line reactance beyond 0.6 p.u,
the corresponding growth i€Y,,,;,, diminishes rapidly.

V. CONCLUSIONS

A system comprising of a wind energy converter (WEC) con-
nected to the utility through a transmission line is studied. An
induction generator employing a capacitive compensator bank
is used to model the WEC. A third order (nonlinear) dynamiwhere,

8abc’x' K1 — Kob?c?

Ny = 42a’2' Ky + 4x'362K1 — 4abczx'2K1 —

822 ab + 2abc2 Ky

N5 = 472K + 2c%a*2 Ky — 8aba’ Ky + 2V K, —
Kya®c® — b22'* Ky + dabex’ Ky
ne = —2abz’ K1 — 2cx’a> Ky + 2aba’" Ko

4 2
nr = Ki2'"a® — Kox'“a?



a=0a,(14+1z4), b=0,Yexe, c=1-Yoa/, K =4P2w>
Ky = 4mesozoz,,,E§
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