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Abstract— This paper conducts a fundamental analysis on the
induction generator infinite bus system which is a useful represen-
tation for a wind energy converter interfaced to a utility through
a transmission line. A third order dynamic model is used to rep-
resent the induction generator and the resultant nonlinear system
equations are analyzed to derive a condition that guarantees the
existence of equilibrium points (or steady state solutions) to the
dynamic system. This condition is used to derive three other aux-
iliary conditions which compute (i) the minimum value of capaci-
tance, (ii) the maximum deliverable power and (iii) the maximum
external reactance that can be connected to the machine. It is also
shown that terminal voltage regulation has a strong restrictive in-
fluence on each the issues above. The analysis presented could be a
useful tool for preliminary planning studies involving wind energy
converters.

Index terms : Induction generators, wind energy conversion

NOMENCLATURE

• rs : armature (stator) resistance
• x1 : armature leakage reactance
• xm : magnetizing reactance
• x2 : rotor leakage reactance
• rr : rotor resistance
• ωs : angular speed of the synchronously rotating frame
• s : slip of the machine
• E′ : equivalent voltage source of the machine
• Is : armature current the machine
• U : terminal voltage of the machine
• T ′o : rotor open circuit time constant
• x′ : transient reactance
• Pe : electrical power output of the machine
• Pm : input mechanical power to the machine
• H : inertia constant
• Ic : current through the compensator bank
• Eb : magnitude of the infinite bus voltage
• re : resistance of the transmission line
• xe : reactance of the transmission line
• Yc: admittance of the capacitor bank

I. I NTRODUCTION

W IND energy conversion has emerged as a viable alterna-
tive to meet the increased demand for energy resources

in the recent years. There are different configurations for wind

turbine units which include synchronous, asynchronous gen-
erators, pitch regulated, or stall regulated systems. A stand-
alone scheme for wind energy conversion employing batteries
for energy storage and a permanent magnet synchronous gen-
erator was studied in [1] where the wind turbine was the only
source of power. However, as opposed to synchronous gen-
erators, induction generators are more favored for renewable
energy applications owing to their lower cost and higher relia-
bility. The suitability of using induction generators for power
systems application was reported in [2]. In that paper, the au-
thors considered a simple test system consisting of an induction
generator interfaced to the utility. Then, the effect of induc-
tion machine parameters, modeling requirements and voltage
support 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
models (PQ and RX models) to incorporate the induction ma-
chine in to the load flow analysis. In [4], the authors developed
a linear dynamic model based on [5] for dynamic studies in-
volving wind turbines. It must be remarked that simple steady
state models such as the PQ and RX models are used for study-
ing steady state security issues and the dynamic models (as in
[2], [4] and [5]) are often used to conduct dynamic studies. For
a preliminary analysis of grid connected wind energy conver-
sion systems employing induction generators, one is justified in
studying a simple, but representative system as shown in Fig.1
whereC represents the capacitor bank at the terminals,xe rep-
resents the transmission line impedance andPm denotes the
mechanical input power extracted from the rotors of the wind
turbine in to the induction generator. There are several fac-
tors that determine the connection of induction generators to
the utility network. In this paper, we focus on three steady state
issues that warrant study namely,

A size of the capacitor bank : in traditional schemes em-
ploying cage rotor induction machines, the capacitor
bank is normally standardized and based on achieving
unity power factor operation at nominal power and volt-
age.

B the maximum electrical power (Pe) that the machine can
safely deliver to the grid without endangering system sta-
bility.

C grid strength (xe) : the weakest grid to which the machine
can deliver a specified amount of power without endan-
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gering system stability, or safe voltage margins.
In determining the issues (B) and (C) listed above, the tradi-

tional approach has been the use of numerical techniques along
with power system simulation. In this paper, we propose an al-
ternative approach to determine the grid interconnection issues
(A, B and C). A third order dynamic model ([2],[5]) is used
to represent the induction machine and then, the behavior of
the system in steady state is studied simply by analysis of the
equilibrium solutions of the resultant nonlinear dynamic system
equations. Specifically, the issues A, B and C are addressed as
follows.

1) Suppose a certain input mechanical torque to the ma-
chine and the external reactance of the transmission line
are specified. What is the minimum capacitance of the
compensator bank that is required to sustain the resultant
equilibrium or steady state ? What is the impact of ca-
pacitor size variation on the equilibrium ?

2) Given ana priori value of the capacitance of the com-
pensator bank and a certain external reactance, what is
the maximum real power that the generator can deliver to
the network ?

3) Given ana priori value of the capacitance of the compen-
sator bank and a specified input torque to the machine,
what is the maximum value of the external reactance (i.e.
the weakest network) to which the machine can deliver
the corresponding electrical power ?

rs + jx'

C

re + jxe

Eb 

IG

Fig. 1. Schematic system representation

After setting up the dynamic machine equations, we first de-
rive a condition that guarantees the existence of an equilibrium
(or steady state) solution to the dynamic system. On further
analysis of this condition, we shall derive three auxiliary condi-
tions to study the issues discussed earlier. The rest of this paper
is organized as follows. In Sec.2, a dynamic model of the in-
duction generator is used to arrive at the system equations. In
Sec.3, the system equations are analyzed to derive a criterion
that guarantees the existence of an equilibrium. Further, this
criterion is used to arrive at the limiting conditions for each of
the issues addressed in the list above. In Sec.4, the effect of
variation in capacitance is studied on (i) terminal voltage regu-
lation, (ii) maximum external reactance and (ii) maximum elec-
trical power. Finally, the conclusions are summarized in Sec.5.

II. SYSTEM MODEL

We shall represent the induction machine by a third order
dynamic model as described in [5]. In this model, we shall con-

sider the transient effects, but neglect the subtransient effects
of the rotor. Also, the model assumes a balanced network and
neglects the electromagnetic dynamic effects of the stator. Fur-
ther, we shall reference all quantities to a synchronously rotat-
ing frame. Then, the machine can be modeled as an equivalent
voltage sourceE′ behind an impedancers + jx′. The dynamic
equations associated withE′ are then given by

dE′

dt
= −jsωsE

′ − 1
T ′o

(E′ − j(xo − x′)Is) (1)

It must be remarked that the model used above is widely used
for transient stability studies and analysis of dynamic phenom-
ena involving induction motors and generators (see [4] and [6]).
The armature (or stator current) is obtained from

U − E′ = (rs + jx′)Is (2)

The mechanical equation governing the inertial dynamics of the
rotor is given by ([6])

Pm

1− s
− Pe = −2H

ds

dt
(3)

The circuit equivalent of the system obtained by connecting
the induction generator to the infinite bus through an external
impedance is shown in Fig.2.

rs + jx'

C

re + jxe

E' Eb

InIs

Ic

U

Pm

Fig. 2. Equivalent circuit model

Let us denote the following quantities.
• Er = Re{E′} , Em = Im{E′} so thatE′ = Er + jEm .
• Ir = Re{Is} , Im = Im{Is} so that Is = Ir + jIm

• Ur = Re{U}, Um = Im{U} so thatU = Ur + jUm

Neglecting the stator transients, the network equation can be
written as

Eb − U

re + jxe
− UYc = Is =

U − E′

rs + jx′
(4)

From Eq.4, the terminal voltageU can be expressed in terms of
E′ as follows.

[
Ur

Um

]
=

1
D

[
a11 a12

−a12 a11

] [
b′1
b′2

]
(5)

whereD = a2
11 + a2

12. Substituting Eq.(5) in to Eq.(4), we
can solve for the currentIs in terms ofEr, Em and s. The
constantsa11, a12, b

′
1 andb′2 are dependent on the network and

the machine parameters. The expressions for these constants
are presented in Appendix II. The electrical power developed
by the machine (Pe) can now be expressed as

Pe = −Re{E′I∗s } (6)
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Upon substituting forIs andPe equations (1) and (3) can be
expressed as

Σ : Ėr = ωssEm − Erb2 + a3 (7)

Ėm = −Emb2 − ωssEr (8)

ṡ = a4Em − Pm

2H(1− s)
(9)

wherea3, a4 and b2 are constants as defined in Appendix B.
Equations (7), (8) and (9) describe the dynamical equations of
the induction generator-infinite bus system. For brevity, let us
denote the system above byΣ. Now, the steady state behav-
ior of the entire system can be simply studied by looking at
the equilibrium points ofΣ. In the following section, we shall
analyzeΣ to seek conditions which determine the existence of
equilibrium points.

III. W HEN DOESΣ POSSESS FEASIBLE SOLUTIONS?

In this section, we shall first seek a criterion that guarantees
the existence of an equilibrium point forΣ. The key idea is to
obtain a solution for the slip of the machine in terms of the net-
work parameters, the physical machine parameters and the in-
put mechanical power to the machine. Upon setting the deriva-
tives (i.e. the RHS of Eqns.(7), (8) and (9)) to zero, we can ex-
plicitly solve for the equilibrium ofΣ in terms of the network
parameters and the input mechanical powerPm. The solution
for the slips is obtained from a quadratic equation. Then, it is
evident that the systemΣ possesses an equilibrium if and only
if the slip s is real. This requirement and the associated condi-
tion is summarized in the following Proposition. Later, we shall
use the criterion in this Proposition to obtain the limiting condi-
tions namely, the minimum capacitance, maximum deliverable
power and maximum external reactance as explained in section
1.

Proposition 1Σ possesses a feasible equilibrium if and only
if

∆ = α2
2 − 4α1α3 ≥ 0 (10)

where,
α1 = a2b2Pmω2

s − wsEba3b2

α2 = ωsEba3b2 and α3 = a2b2Pmb2
2.

Proof: Upon setting the derivatives of equations (7), (8)
and (9) to zero, we obtain a solution for the slips in the form
of a quadratic which can be expressed as

s2α1 + sα2 + α3 = 0 (11)

It is clear the the system can have a feasible solution if the slip
is real and vice-versa. The claim in the proposition merely as-
serts the non-negativity of the discriminant of the quadratic in
Eq.(11) so that the systemΣ possesses real solutions.
Note: The parametersa2, b2 anda3 and hence,α1, α2 andα3

are functions of the network parametersxe, C and the input
mechanical powerPm. This in turn means that the equilibrium
and consequently, its existence is a function of the triple
(C, xe, Pm). If any two quantities in the triple are held fixed,
the equilibrium moves as we vary the third. In the analysis that
follows, we shall exploit this dependence to arrive at suitable
limiting conditions for the variation of each of the quantities in
the triple.

A. Minimum Capacitance

In this section, we shall compute the minimum value of
the capacitance at the terminals of the machine, by using the
criterion in Proposition 1. Specifically, we seek to answer the
following question “Suppose that the mechanical input power
to the machinePm and the external reactance of the systemxe

are specified. What is the minimum value ofC that ensures
that an equilibrium exists forΣ ?” The answer follows readily
by using the criterion (Eqn.(10)) in Proposition 1. We shall
state this result as described in the following proposition.

Proposition 2 : Given the input powerPm > κ andxe > 0, an
equilibrium toΣ exists if

C ≥ Cmin =
xe + x′ − βmin

xex′ωs
(12)

whereβmin is the least positive real root of the polynomial

x4β1 + x3β2 + x2β3 + xβ4 + β5 = 0 (13)

andκ = E2
b x2

o

ωsxax2
e
.

Proof: First, we shall express the discriminant of Eqn.(11)
in terms ofa2. After substituting fora2, a3 andb2 from Ap-
pendix B in to equation (11), the condition∆ > 0 is tantamount
to requiring that

f1(a2) = a4
2β1 + a3

2β2 + a2
2β3 + a1β4 + β5 < 0 (14)

where,

β1 = 4P 2
mw2

sx2
o

β2 = −8P 2
mw2

sxoxax3

β3 = 4Pmωsxa(Pmωsxax2
e − αoE

2
b x2

o)
β4 = 8Pmωsxexox

2
aαoE

2
b

β5 = −4Pmωsx
3
ax2

eE
2
b − x′2E4

b x2
a

Observe thatβ1 > 0, β2 < 0, β4 > 0and β5 < 0. The sign

of β3 depends on the value ofPm. Let κ = E2
b x2

o

ωsxax2
e
. When

the machine parameters are fixed, the value ofκ depends only
on the external reactancexe. In the range ofxe that we con-
sider, which is0.2 < xe < 0.8 and for the machine parameters
we consider (see Appendix I), the corresponding range ofκ is
0.01 < κ < 0.16. Then it is reasonable to considerPm > κ in
the normal operating range of the generator. Now, consider the
roots of the polynomialf1(a2) = 0. Given the signs of the co-
efficientsβ1, . . . β5, a simple application of the Routh-Hurwitz
criterion indicates that for the polynomialf1(a2) = 0, there are
three roots whose real parts are positive. Let us denote these
roots asλ1, λ2, λ3. Accordingly, we have two cases.

case a:all three roots are entirely real.
case b: one root (sayλ1) is real and the other two are complex

conjugate (i.e.λ2 = λ3
∗).

In the first case (a), letβmin = min{λ1, λ2, λ3}. For the
second case (b), letβmin = λ1. Clearly, if a2 < βmin, then,
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f1(a2) < 0 which implies∆ > 0 which in turn, assures the
existence of an equilibrium. So we obtain,

a2 = xe + x′ − YCxex
′ < βmin (15)

Then, the claim in the proposition readily follows from
Eqn.(15).

B. Maximum deliverable power

In this section, we shall compute the theoretical maximum
power that the induction generator can deliver to a given exter-
nal reactance. Specifically, suppose we are given the capaci-
tance of the compensator bank and the reactance of the trans-
mission network, then what is the maximum value ofPm be-
yond which an equilibrium toΣ does not exist. Again, this can
be readily answered by the criterion in Proposition 1. In this
analysis, note that we holdC andxe fixed. The result is sum-
marized in the following proposition.
Proposition 3 : Given the input powerPm andxe > 0, the
maximum real power that the machine can deliver to the net-
work is given by

Pmax =
Eba3

4ωsa2
[2 +

√
1 +

4ω2
s

b2
2

] (16)

Proof: For an equilibrium to exist, we need (from Propo-
sition 1, Eqn.(10))∆ > 0. Substituting for all the terms in∆,
we get

∆ = b2
2{ω2

sE2
b a2

3 − 4a2
2b

2
2P

2
mω2

s + 4a2b
2
2Eba3Pm} (17)

Clearly,∆ > 0 implies that,

f2(Pm) = P 2
m(4a2

2b
2
2ω

2
s)− Pm(4a2b

2
2ωsEba3)− ωsE

2
b a2

3 (18)

= (Pm − γ1)(Pm − γ2) < 0

Note that we have labelled the two roots of the equation
f2(Pm) = 0 asγ1 and γ2 whereγ1 > 0 andγ2 < 0. Then, it
is clear that the maximum value ofPm is decided byγ1. Thus
we have,

Pmax = γ1 =
Eba3

4ωsa2
[2 +

√
1 +

4ω2
s

b2
2

] (19)

C. Maximum external reactance

In this section, we shall assume that we are given the
mechanical input power (Pm) and the value of the capacitance
(C) at the machine terminals. Then, the question we wish
to answer is, “what is the maximum value of the external
reactance (which we shall denote asxmax

e ) to which the
machine can deliver the specified power ?”. This can be
readily answered by rewriting the term∆ in Proposition 1 as a
function ofxe. After a few algebraic manipulations,∆ can be
arranged as a polynomial (6’th order) inxe. Then the criterion
for the maximum value ofxe is obtained from the following

proposition.

Proposition 4 : Given the input powerPm andC, the maxi-
mum external reactance to which the machine can deliver power
is given by

xmax
e = η (20)

whereη is the largest positive real root of the polynomial

f3(xe) = x6
eη1 +x5

eη2 +x4
eη3 +x3

eη4 +x2
eη5 +xeη6 + η7 = 0

(21)
The termsηi, i = 1, 2 . . . 7 are as described in the appendix.

Proof: The condition∆ > 0 from Proposition 1 is equiv-
alent to Eqn.(17) in proposition 3. Expressing the termsa2, b2

anda3 in terms ofxe yields

∆ = −b4
2{x6

eη1+x5
eη2+x4

eη3+x3
eη4+x2

eη5+xeη6+η7} (22)

Note that iff3(xe) < 0, then∆ > 0. The conditionf3(xe) < 0
can be clearly met ifxe < η which is the claim in this proposi-
tion.

Note : In this case (as opposed to propositions 1 and 2),
the algebraic form of the coefficientsη1, . . . η7 are complicated
which makes it hard to analyze the signs of these coefficients
and deduce the structure of the roots of the polynomial
f3(xe) = 0.

Remarks :

1) In proposition 2, we assumePm andxe as specified (i.e.
fixed) and calculate the minimum capacitanceCmin as a
function ofPm andxe.

2) In proposition 3, we assume thatC andxe as specified
and calculate the maximum power thatPmax

m that the ma-
chine can deliver to the network.

3) In proposition 4, we assume thatPm and C as speci-
fied and calculate the maximum external reactancexe to
which the machine can deliver the specified power.

4) Note that all the three propositions directly follow from
Proposition 1. The three propositions explicitly charac-
terize the functional dependence ofC, Pm andxe for ex-
istence of equilibrium points when any two of them are
held fixed. In the next section, we study the effect of
capacitance on the terminal voltage regulation. And fi-
nally, we numerically study how the minimum required
capacitance, maximum deliverable power and maximum
reactance vary as a function of the their respective param-
eters.

IV. V OLTAGE REGULATION AND ITS CONSEQUENCES

In the analysis carried out so far, we have not investigated the
bearing of the various parameters namelyC, xe andPm on the
terminal voltage (U ) of the machine. In this section, we shall
study the effect of the capacitance (C) on the terminal voltageU
for various values of the external reactance and input powerPm.
Not surprisingly, the dependence of the terminal voltage on the
capacitance is strong. Next, we impose a reasonable operational
constraint that0.95 ≤ U ≤ 1.05 which allows a±5% variation
of the steady state terminal voltage around the nominal value of
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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
Pmax andxmax

e , the maximum external reactance to which the
machine can deliver power. This is done as explained below.
After solving for the equilibrium points as described in the ap-
pendix, we can write

Ur =
Erxe + Ebx

′

a2
, Um =

Emxe

a2
(23)

|U | =
√

U2
r + U2

m (24)

The variation in terminal voltageU with capacitance is plotted
for various values of the external reactance. Figure 3 shows a
plot of the terminal voltage whenPm is held constant at 0.9
p.u forxe = 0.2, 0.3, 0.4 and0.5. Similarly, Fig. 4 shows the
terminal voltage variation whenPm = 1.0. In both the plots,
we observe that the terminal voltage rises steeply with capaci-
tance and more so, at higher values of the external impedance
xe. Now, imposing the constraint that0.95 < |U | < 1.05 natu-
rally imposes a suitable constraint (in other words, restricts the
range) on the capacitanceC. For a given value ofPm andxe,
let us defineClow as the capacitance required to maintain the
terminal voltage magnitudeU at 0.95 p.u andChi as the cor-
responding value to maintain the terminal voltage at 1.05 p.u.
WhenPm = 0.9and 1.0, the capacitive limitsClow, Chi (ex-
pressed in10−3 p.u) for various values of the line impedance
are summarized in Table.I. As one can note from Table.I, the ef-
fective range of capacitance (=Chi−Clow) shrinks quickly with
increasing values of the external reactance. Whenxe = 0.2,
we get a capacitive range of 0.5×10−3 p.u which reduces to
0.05×10−3 p.u whenxe = 0.5.

TABLE I
SUMMARY OF CAPACITIVE RANGE FOR VOLTAGE REGULATION

line reactance Pm = 0.9 Pm = 1.0
Clow Chi Clow Chi

xe = 0.2 1.5 2 1.8 2.2
xe = 0.3 1.7 2 2.0 2.2
xe = 0.4 1.9 2.1 2.2 2.3
xe = 0.5 2.1 2.15 2.3 2.4

1 1.5 2 2.5 3 3.5 4

x 10
−3

0

0.5

1

1.5

2

2.5

C

U 
(p.

u) x
e
 = 0.2

x
e
 = 0.3

x
e
 = 0.4

x
e
 = 0.5

Fig. 3. Terminal voltage variation whenPm = 0.9
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(p.

u) x
e
 = 0.2

x
e
 = 0.3

x
e
 = 0.4

x
e
 = 0.5

Fig. 4. Terminal voltage variation whenPm = 1.0

A. Effect of capacitance onPmax andxmax
e

In this section, we shall graphically study the effect of capac-
itance on the maximum deliverable powerPmax and the max-
imum external reactancexmax

e . This is done mainly because it
is hard to gauge this dependence directly from Eqns.(16) and
(20). In sections III-B and III-C, we derived analytical expres-
sions forPmax (see Eq. 16) andxmax

e (see Eqn. 20). Figures
5 and 6 show the variation inPmax andxmax

e with the capaci-
tanceC. From Fig.5, we note that whenxe = 0.2, Pmax stays
consistently above 1.0 p.u and is about 1.7 p.u when the capaci-
tance is4.5×10−3. Also notice that the capacitive requirements
to maintain a real power output of 1.0 p.u go up with increasing
values of the line reactance. Fig.6 shows how the maximum
external reactance to which the machine can deliver a specified
real power, varies with the capacitance. From Fig.6, we note
that whenPm = 0.8, xmax

e rises rather sharply to a maximum
of about 0.7 p.u when the capacitanceC is nearly4 × 10−3

p.u. WhenPm = 0.9 and1.0 p.u, for nearly the same value of
capacitance,xmax

e is about 0.62 and 0.57 respectively.

1 1.5 2 2.5 3 3.5 4 4.5

x 10
−3

0

0.5

1

1.5

2

2.5

3

x
e
 = 0.2

x
e
 = 0.3

x
e
 = 0.4

x
e
 = 0.5

C

Pma
x

Fig. 5. Effect ofC onP max
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0.7

0.75

C (p.u)

x ema
x  (p

.u)

P
m

 = 0.8
P

m
 = 0.9

P
m

 = 1.0

P
m

 = 1.1

Fig. 6. Effect ofC onxmax
e
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B. Effect of line reactance onCmin

In Fig.7, the minimum capacitance (Cmin) is plotted as a
function of the line reactancexe for different values of the in-
put powerPm. Note thatCmin is computed from Eq.(12). In
the plot,Cmin is set to zero whenever Eq.(12) yields a nega-
tive value ofCmin. From Fig.7, we see that at lower values of
the line impedancexe, capacitive compensation is not required
for an equilibrium to exist. As the line reactance is increased
for a fixed mechanical power input, capacitive compensation
is required beyond a critical value of the line reactance. From
the plot, it is clear that the critical line reactance reduces as the
input powerPm is increased.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5

2

2.5

3
x 10

−3

x
e
 (p.u)

C 
(p.

u)

P
m

 = 1.1

P
m

 = 1.0

P
m

 = 0.9
P

m
 = 0.8

Fig. 7. Variation ofCmin

C. Discussion

1) In Fig.3, we observe that for the different values ofxe

ranging from 0.2 to 0.5 p.u, the curves roughly seem to
intersect at a point when the terminal voltage is slightly
higher than 1.0 p.u. From Table.I and Fig.3, this point
is approximately seen to be 2.1×10−3 p.u. A similar
feature is noticed in Fig.4, whenPm = 1.0. In this
case, from Fig.4 and Table.I, the value of capacitance is
seen to be approximately 2.2×10−3 p.u. These observa-
tions indicate that the task of steady state terminal voltage
regulation with changing external line reactance can be
achieved with minimum capacitive switching effort if the
capacitance of the compensator is set close to this value.

2) In Fig.5, we notice that sustaining a power output bigger
than 1.0 p.u from the machine at higher values of the line
reactance requires prohibitively high values of capacitive
compensation. This is because we get prohibitively high
values for the terminal voltage at these high values of ca-
pacitance.

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

model is used to represent the induction generator. The resul-
tant system equations are analyzed to derive a criterion which
ensures the existence of an equilibrium or steady state solution
to the system. This criterion is further analyzed to compute (i)
the minimum value of the capacitance of the compensator bank
to deliver a specified value of real power to the given network,
(ii) the maximum real power deliverable by the machine to the
network and (iii) the maximum external reactance to which the
machine can deliver power. This approach is seen to provide
useful analytical insight in to the operation of an induction gen-
erator connected to an infinite bus. A numerical study of the
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
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.

APPENDIX I
INDUCTION GENERATOR DATA

Base voltage = 660 V, Base power = 350 kVA,xr = 0.0639p.u,
xs = 0.1878 p.u, rr = 0.00612 p.u rs = 0.00571p.u, xm =
2.78 p.u,H = 3.025s, ωs = 120π rad/s,Eb = 1.0p.u
The machine constantsT ′o, x

′ andxo are defined as follows:
T ′o = xr+xm

ωsrr
, xo = xr + xm, x′ = xs + xrxm

xr+xm

APPENDIX II
COEFFICIENTS AND PARAMETERS

In Eqn.(5), the parameters are described as follows.

a11 = re + rs − x′Ycre − Ycrsxe

a12 = xe + x′ + Ycrsre − Ycx
′xe

b′1 = Erre − Emxe + Ebrs

b′2 = Emre + Erxe + Ebx
′

In Eqns.(7), (8) and (9), the parameters are described as follows.

a2 = xe + x′ − Ycxex
′, b1 =

a2 − xe

a2x′
, xa = xo − x′

b2 = αo(1 + xab1) , αo =
1
T ′o

, a3 =
αoxaEb

a2
, a4 =

Eb

2Ha2

In proposition 3, the coefficientsη1, . . . η7 are defined as fol-
lows.

η1 = K1c
4b2, η2 = −2abc4K1 + 4c2x′b2K1

η3 = K1a
2c4 + 4x′2b2K1 + 2c2x′2b2K1 −

8abc2x′K1 −K2b
2c2

η4 = 4c2a2x′K1 + 4x′3b2K1 − 4abc2x′2K1 −
8x′2ab + 2abc2K2

η5 = 4x′2a2K1 + 2c2a2x′2K1 − 8abx′3K1 + x′4b2K1 −
K2a

2c2 − b2x′2K2 + 4abcx′K2

η6 = −2abx′4K1 − 2cx′a2K2 + 2abx′2K2

η7 = K1x
′4a2 −K2x

′2a2

where,
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a = αo(1 + xa), b = αoYcxe, c = 1− Ycx
′, K1 = 4P 2

mω2
s

K2 = 4PmωsαoxaE2
b
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