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tract - Wind ariven induction generator feeding
power to the grid has been analyzed under the
abnormal condition of unbalanced grid voltages.
Using the symmetrical component and double
revolving f ield theory, appropriate equivalent
circuits and model equations have been derived for
the generating mode with suitable r e a l i s t i c
modifications. It is emphasized that the active
and reactive power components and their directions
for both positive and negative sequence systems
need to be properly identified in order to obtain
the cumulative response of the generator under
different wind power conditions. In view of the
fact that the reactive power is drawn from the
grid while the active power is fed into the grid,
the extent of variations in power fed to the grid
and the react ive VAR due to unbalanced grid
voltages for different wind power conditions need
to be estimated to provide guidelines in the
design and operation of wind energy conversion
system. Both experimental and theoretical results
for a 3.7 kW laboratory model have also been
presented, to validate the theore t ica l
formulations, extendable to large units. Extensive
data have been presented and discussed for a 55 kW
unit installed in s i te .
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NOMENCLATURE

R Rr and Xs, Xr, Xm, Rm :
Per phase parameters of equivalent c i r c u i t
depicted in Fig. 2 (referred to s tator)
V,, V,, Vo and I1, I2, IQ :
Per phase positive, negative and zero sequence
voltages and currents

*rl' ̂ r2 :

Positive and negative sequence rotor currents
Z l ' Z2 !

Per phase p o s i t i v e and negative sequence
impedancesVab' Vbc- Vca a n d Xla' Xlb' *lc =
Line voltages and currents of grid
Jab' Ibc' Ica : . ..
Phase currents in stator windings
Highest Vf°a5the th ree phase s t a t o r and ro to r
currents under unbalance.

Power fed to posit ive and negative systems
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Power fed to the shaft
Power fed to the grid
VAR drain from the grid
Voltamperes reactive
Slip
Degree of unbalance
Power loss

: Efficiency
(Phasor values are indicated in bold letters.)

INTRODUCTION

Due to the energy crisis, search and exploitation
of alternative renewable energy resources have
assumed increased importance leading to relevant
technological efforts. Wind energy has been
identified as a promising resource for such an
exploitation.
Induction Generator (IG) has been found to be very
appropriate for wind energy applications due to
its low unit cost , reduced maintenance, rugged
and brushless rotor(squirrel cage type),etc. In a
typical Wind Energy conversion System (WECS) the
IG is driven by the wind turbine through a gear
box. There may be several such units in a wind
farm whose output is fed to the local 11 kV grid
through step-up transformer. Presently individual
units of rating from 100 to 1000 kW have been
standardized.

WECS are now installed in large numbers in several
countries in Europe and North America in high
wind density areas. India has also embarked on a
major wind energy program. A wind survey has been
recently completed for the whole country based on
which prospective locations have been identified.
Wind farms are in operation in the coastal area
of Gujarat, Tamilnadu and Orissa. Based on the
experience of the authors in working with the
agencies operating the wind farms, it was realized
that efficient and reliable operation of the units
have been considerably hampered by abnormal grid
conditions. This is also due to the fact that the
concerned utilities to whose grid the wind power
is fed have not been able to maintain the purity
of supply invariably due to distant locations of
the wind farms from the main power generating
centers normally thermal,hydro or nuclear.
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As an initial phase of the study the performance
of Grid Connected Induction Generator (GCIG) under
varying voltage and frequency conditions was
undertaken and its outcome was reported [1].
Further,the theoretical model was reformed by
involving the voltage dependent parameters of IG.
The present paper is the extension of the above
investigation which concerns with the effect of
unbalanced grid voltages, a realistic condition
found to be commonly prevalent in the field. This
study was identified as very critical since the
energy agencies felt that grid unbalance is a
major cause of poor performance of currently
installed wind systems, due to adverse effect on
IG. They were interested to know the extent of
undesirable effects on the IG and associated
systems due to grid unbalance so that suitable
remedial measures can be taken in design and
operations.

The system has been modeled using the well known
theory of symmetrical components [8] and the
relevant equations are simulated on a computer.
Based on similar concepts unbalanced and
asymmetrical operations of Induction Motors have
been well documented in literature [4-7], while
the performance analysis of Induction Generator
detailing different adverse consequences keeping
in view the realistic prime mover conditions and
new emphasis on wind and mini hydro systems has
not so far been reported. There are subtle
differences between motoring and generating
conditions. Airgap voltage of generator is
slightly higher as compared to motor, which may
cause increased saturation. Equivalent circuit
parameters for positive and negative circuits may
differ due to differing operating voltages.

Voltage dependent parameters must be carefully
chosen after identifying correct saturated
conditions.
A practical generating scheme of 55 KW rating has
been taken for the study , and the results have
been presented using its data. The system
performance both under balanced and unbalanced
conditions are compared and discussed. The
relevant performance equations have been written
for positive and negative sequence systems to
arrive at the cumulative response. Appropriate
computer algorithm has been developed to predict
the performance for different wind power
conditions. The investigations were also carried
out on a 3.7 kw laboratory model on which detailed
experiments were carried out under simulated
unbalanced conditions. Both theoretical and
experimental results have been computed and
compared. The studies are also extended for the
extreme case of unbalance caused by disconnection
of one of the lines resulting in "single-phasing".
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Fig. 2. Sequence equivalent circuits..

THEORY

Under unbalanced g r i d v o l t a g e s :
The b a s i c scheme under cons idera t ion is shown in
Fig . 1. Capac i tors and transformer a re omitted for
simplici ty, though they can be easily
incorporated. Delta connected IG is considered as
per field conditions.
Using symmetrical component transformations [2,8]
the positive, negative and zero sequence voltages,

by
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v c a

( 1 )

Similar t ransformation y ie lds sequence l ine
currents 1 ^ , I 1 2 , I l o from I l a , I l b , I l c and
sequence phase currents 1^, I2 , IQ from 1 ^ , I b c ,
Ica" T h e z e r o sequence quantities would be absent
since sum of the line voltages is zero.
Knowing the magnitudes of v

ah» vbc' vca ^ ^s

possible to obtain their relative phasor positions
through a closed triangle. If Of and f] are the
phase angles of V. and V with respect to V . ,
v va L° v v l ° d v V | 7 ?

g
vab " vab L°_ ' vbc " vbcl°L a n d v

Vca|7?

Equivalent circuits of IG for positive and
negative sequence systems are given in Fig. 2,
where slip S is negative. Figure 2 (a) determines
the positive sequence phase current I. for given
V., S and circuit parameters, similarly Fig. 2(b)
yields I2 for the given V-, slip and parameters.
Although the equivalent circuit parameters for
positive and negative sequence systems are
normally assumed to be same, a correct analysis
must take into account the differences wherever
their impact is significant. For example, the
rotor resistance and leakage reactances differ
widely in current displacement rotors [4], which
affects rotor current calculations. Similarly
magnetizing reactance and core loss vary
considerably depending on the operating airgap
voltage which decides the core flux. Depending on
the degree of unbalance V1 and V2 vary and the
correct value of Xm & Rm for these voltages must
be used. Further, for low values of slip R^ £ X
are very large compared to (R /2-S) and hence the
magnetizing branch can be omitted in the negative
sequence circuit of Fig.2(b).

In the modeling simulation presented here the
above factors have been incorporated to obtain
realistic performance predictions.
With varying wind speed the input power would
change as cube of the speed which would alter the
rotational speed of the shaft causing adjustment
of the negative slip suitably. From the circuits
of Fig. 2 rotor currents Irl, Ir2 are determined
for the given S. Power fed to positive sequenc
system is given by ;

sequence

Pinl"3 (2 )

Power fed to the negative sequence system is
obtained by replacing I r l by I r 2 and S by (2-S) in
eqn.(2).

Pin2 = 3 Xr22 Rr<1"S)/(2-S) (3)

Total power fed to the shaft is given by ;

rin rinl + Pin2

Thus, the shaft power P
i n

(4)

fed from wind gets
i n

divided into two components P. . and P. 2. since S
i s negatie P i iti U d b l d
is negative P

conditions P
i n

2

is positive. Under balanced
i n 2 is zero as I r 2 =0.



We must note that slip has to adjust to a value
such that the shaft input power P. is equal to
the sum of P t

n i and p i n 2 * The problem of
performance prediction centers around determining
S for the given P. and the unbalanced grid
voltages. Through a computer program simulating
the equations obtained from Fig. 2, it will be
possible to find S for the given input power
through an iterative process. Simultaneously

sequence currents can be determined from which
actual phasor and line currents are obtained as a
cumulative response . Knowing the currents and the
slip, both active and reactive powers, efficiency,
etc. of the system under unbalanced conditions at
different wind power can be determined using the
following equations.
Power fed to the grid;

= 3 RefV. + V_I

-'ab

2*2

"bc-'bc

Reactive power drain from the grid ;

Q = 3 Im(V1I1* + V2I2*)

^'Wab +

Eff

(5)

(6)

(7)

Under "single-phasing" condition :
The single-phasing is caused by the accidental
disconnection of one of the lines. Assuming the
line C in Fig. 1 is open i .e. I L C

= 0 - Applying
Kirchoff ' s laws the terminal cons t ra in ts are
obtained from Fig. 1 [3]. Accordingly;

(8)

I,..- Iu

Using the symmetrical component eqn.(8) yields;

IX = I2

21,

Knowing the line voltage V b we get

Since V1 = ijjj and V2 = I2Z2, hence,

(9)

(10)

(11)

Equations (2-4) are valid after finding V1#V2 and
I1fI2. Equation (4) 1 2

be solved for S afteromitting the magnetizing branch in the negative
sequence c i rcu i t and shifting the magnetizing
branch of the positive sequence circuit to the
output terminals. Combined with the eqns.(9-10)
and the above approximations, a simplified
equivalent circuit of Fig.3 is obtained. Hence
eqn.(4) is modified as;

Pin

where K=2(1-s)z/s(2-s)

I-2 = V a b
2/((R t+KR r)

2+X t
2)

(12)

Substituting for Ir in eqn.(12)
equation of order 4 is obtained as;

AS 4 + BS 3 + CS 2 + DS + E = 0
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a polynomial

(13)

The coefficients A,B,C,D and E are given in the
Appendix I.
Eqn.(13) is solved for S using polynomial root
finding technique which yields 4 values among
which a realistic one is acceptable. Knowing the
rotor speed and the sequence quantities the
performance of the generator under single phasing
condition is similarly obtained with different
input power, as given in preceding section.

Fig. 3. Equivalent circuit under single-phasing
condition after combining sequence networks.

MACHINE DETAILS

Two machines have been considered for the study, a
3.7 kW laboratory model and a 55 kw field model,
designated as machine 1 and machine 2
respectively. The details of these machines are
given in table 1. The fixed parameters of machine
1 were obtained by standard tests, while the
voltage dependent parameters such as magnetizing
reactance and core-loss resistance were obtained
by appropriate variable voltage no load tests, and
is shown in Fig.4. The parameters of machine 2
were obtained from the manufacturers.

Table 1

Details |

Rating :
Line voltage :
Line current :
Hz. :
Pole No. :
Base power :
Stator
connection :
Rs (p.u.) :
R r ••

xs !

Xr , , :
Rm " !

Xm "

Machine 1

3.7 KW
415 V
7.6 A
50
4
3.7 KW

Delta
0.057
0.053
0.093
0.093
25.983*
1.937*

Machine 2

55 KW
415 V
93 A
50
6
55 KW

Delta
0.019
0.0164
0.069
0.087
47.85*
3.0*

(* At nominal voltage)

= 2<R and

RESULTS AND DISCUSSIONS

Results of the investigations are presented in
Figs. 5-8. While both theoretical and experimental
results are presented for machine 1, only the
simulated results are presented for machine 2.
Experimental results are shown by points. All the
results are presented in p.u. values.
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Fig. 4. Var ia t ion of Rm and Xm with Vx.

Effect of grid voltage unbalance :
Considering the realistic grid conditions in the
f ie ld in which the degree of unbalance could
extend upto 20* ,the effect of such a range of
unbalance for both the machines were studied. Both
the experimental and simulated results obtained
for machine 1 are presented in Fig. 5(a-b). A very
close agreement between theore t ica l and
experimental results is observed which validates
the theo re t i ca l model and the computer
simulations.
Figure 5(a) shows the variation of power output
and maximum stator current with power input at 0%
and 15.6% unbalance. Comparing curves a and b, a
reduction in power output is noticed for the
given power input decided by the wind speed. This
is due to the increased losses in the system
caused by the negative sequence components. At 1.0
p.u. input power the reduction in output power is
0.09 p.u. The major effect of unbalance is on the
winding currents. Curves c and d indicate the

maximum current, I _-„• A considerable increase
s .max

in the current can be noticed due to unbalance
which is def in i te ly a cause for concern. For
instance at 1.0 p.u. input power Ia m a x increases
from 0.84 p.u. to 1.47 p.u. and the other two
winding currents are 0.97 p.u. and 0.65 p.u.
respectively.
Figure 5(b) shows the variation of power loss and
VAR drain from the grid with power input for
different degree of unbalance. It is interesting
to note that VAR drain decreases if the unbalance
is due to unequal and reduced voltages, while it
increases if the unbalance is due to unequal and
increased voltages. This is due to the fact that
at reduced voltages the machine operates at "under
flux" condition and at reduced saturation, whereas
at over-voltages the machine is "over fluxed" and
saturated causing increase in the magnetizing
currents. Curves a and c show the difference in
the amount of VAR drain for the same degree of
unbalance of 8% at over voltages and under
voltages respectively. A useful comparison can be
made with curve b which corresponds to the VAR
drain at balanced rated voltages. Curves d and e
indicate the trend of variation in power loss with
r i n from 0% to 15.6% unbalance. At the rated power
input the losses are increased from 0.148 p.u. to
0.238 p.u. Since the losses contribute to heating,
the over heating of the machine under unbalance
has been a matter of concern [5-7]. These results
consolidate t h i s well known concept of over
heating under generating mode and can be used for
derating and other operational constraints.
Figure 6(a-c) depict the analyt ical r e su l t s

Fig. 5 (a) Var ia t ion of P Q u t

for m/c 1.
. . p at 0% unbalance ; . - t es t points

o u t " - ' - ; A Ab : , , , 15.6%
c : I s m a x a t 0%
d : , , ' , , 15.6%

In <("•»•>

Fig. 5(b)Variation of Q & PloSB with Pin for m/c 1.
a :Q at 8% unbalance (over-voltage); * * test points
b : ,, 0% ,, (rated voltage); DO ,, ,,
c : ,, 8% ,, (under-vooltage); + + ,, II

A. e "loss
at 15.6% & 0% unbalance; A, •

Fig. 6(a) Variation of power capacity and VAR with

unbalance at rated current for m/c 2.
a, b, f i p i n, Pout, Q with unbalance (over-voltage)
C/ ' e : " " " a i, (under-voltage)
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obtained for the field model i.e. machine 2. The
variation of power input, power output and the VAR
drain from the grid with different degree of
unbalance at rated maximum current are shown in
Fig. 6(a). The performance at rated current is
obtained using Univariate Method of Optimization
[9]. The unbalance is simulated by considering two
line voltages at rated value and the third voltage
varied both above and below the rated value. Same
degree of unbalance can be obtained at a set of
increased and reduced third voltages. In other
words there is an over-voltage and under voltage
state yielding the same voltage unbalance. These
results are very useful as they provide
information regarding the capability of the
generator to handle power at different unbalanced
conditions without over loading the winding. For
example at under voltage unbalance the power input
capacity drops from 1.147 p.u. at 0% unbalance to
0.334 p. u. at 10% unbalance. Similarly if the
unbalance is caused due to over voltage the input
power limitations are from 1.147 p.u. to 0.24 p.u.
for the similar conditions of unbalance (curves a
& c). For the power output limitations at rated
maximum current the same trend is obtained as
evident from the curves b and d. This implies that
at a particular unbalance there is a maximum wind
speed beyond which the generator should not be
allowed to operate. Since the power input is
proportional to the cube of wind speed the maximum
wind speed at 10% of unbalanced should be around
66% of the wind speed at 0% unbalanced. This is a
useful information in setting the protecting
equipments. After measuring the degree of
unbalance the system must be set not to operate
above the threshold wind speed. Curves • and f in
Fig. 6(a) indicate that the trend of variation in
VAR drain from the grid increases with over
voltage unbalance and decreases with under voltage
unbalance. This can alert the utilities, so that
they may know the extent of VAR drain due to
unbalance. This can also be accounted in choosing
capacitors.

Figure 6(b) shows the variation of PQUt»
 Is.max

and Ir m a x with the degree of unbalance at fixed
input 'power of 1.0 p.u. and 0.5 p.u. It is
observed that at the input power power of 1.0 p.u,
Ig m a x increases from 0.9 p.u. at 0% to 1.5 p.u at
10% unbalance. Similar increase is found in rotor
current. The same observations can be made at the
reduced wind speed causing 50% power input (see
curves a, b,c, d).
At rated power input the power output decreases
from 0.95 to .92 p.u. while at 0.5 p.u. power
input the power output drops from 0.5 p.u. to 0.44

•'Sol •

Fig. 6(b)
unbalance
a, b, e :
c, d, f :

p.u. There would be further drop in power fed to
the grid if the losses in the transformers and
transmission lines are considered. An important
observation is that both the stator and rotor
winding currents are very sensitive to grid
unbalance. A 10% voltage unbalance causes an
increase of around 60% in the stator maximum
current and 64% in the rotor maximum current at
1.0 p.u. power input. Figure 6(c) shows the
variation of current unbalance (i.e. ratio of
negative to positive sequence currents) in stator
and rotor with input power at 4% and 12.5%
unbalance. It is observed that the current
unbalance is higher at low input power which
increases with voltage unbalance and decreases as
the input power increases. For example at 12.5%
unbalance, as P. increases from 0.51 to 1.03 p.u.
stator current unbalance drops from 1.4 to 0.78
and rotor current unbalance drops from 1.63 to
0.81. It is important to note that the rotor
current unbalance is very high especially at low
wind power which would have detrimental effects on
the rotor vibration and losses caused by
oscillatory torques and negative sequence
currents. Based on these data the system need to
be designed to take care of these effects in the
protection schemes.

Effect of Single Phasing i
Single phasing is the undesirable condition which
is normally avoided. Figures 7 and 8 depict
different performance characteristics of the
system under single phasing condition, in
comparison to 3-phase balanced condition.
The variation of power output, VAR, losses and
currents with power input for machine 1 is shown
in Fig. 7(a-b). At rated wind speed causing rated
power input the power output shows a drop of 0.11
p.u. which corresponds to the losses in the
machine. Curves c and d show the variation of VAR
drain from the grid under 1-phase and balanced
conditions. Similar to the situation under
voltage unbalance the currents are the deciding
factors for the limits of input power for safe
operation of the wind system under single phasing
condition. For example at 50% input power the line
and the maximum phase currents are 1.0 p.u. and
1.16 p.u. respectively (the p.u. values of line
and phase are calculated by taking base values as
rated line and phase currents). The unbalance
rotor current ratio shown in curve j of the FIG.
7(b) is very high at low input power and decreases
with input power. For instance at 10% input power
the Ir2/

X
ri

 is 6-° a n d at 5 0 % i nP u t power this
ratio falls to 1.5 .

Variation of I s m a x , r m a x

at constant Pin for m/c 2.
Is

Pin

ax

in
in

&

=
=

Pout

1.0
0.5

P-
P-

with

u.
u.

Fig. 6(c) Variation of current unbalance with
for m/c 2.
a, c :(Ir2/Irl),(I2/I1) at V2/Vx = 0.04
b, d : ,, , ,, ,, ,, =0.125
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Figure 8 depicts the performance of machine 2
under single phasing condition which shows similar
trend of variation in the results. It is observed
that the field model can handle a higher capacity
of power input at this extreme case of unbalance.
For instance at 50% input power the line current
a n d x s max a r e 1 ' 0 6 P ' U a n d ° - 9 1 7 p < u -
respecti'vely, P Q u t is 0.457 p.u and the unbalanced
in the rotor current is 1.19 . The VAR drain from
the grid at rated maximum current is 0.44 p.u.

CONCLUSIONS

Extensive performance characteristics of two
machines presented in this paper have demonstrated
the feasibility and limitations of operating wind
turbine driven induction generators under
realistic unbalance conditions often observed in
the field.
Wind driven IG feeding power into the grid,
operates with varying power input, depending on
wind speed.
Detailed performance characteristics of 3.7 kW and
55 kW (field model) are presented under unbalanced
grid voltages with varying wind speed.
A close agreement between the experimental and
simulated results has validated the modeling
method and simulations.
The concept of symmetrical components, associated
with sequence equivalent circuits has been shown
to be effective in modeling the system.
The unbalance in grid voltage has been found to
make significant impact on the generator and
system performance.
To arrive at proper realistic results, care has to
be taken to include voltage dependent magnetizing
impedance corresponding to operating forward flux.
These parameters are insignificant for backward
fields.
There is a drop in IG power output for given power
input due to unbalance, caused by negative
sequence components. A further decrease in power
fed to the grid is expected if the transformer and
line impedances are included.
The winding currents of the induction generator
are found to be very sensitive to unbalanced grid
voltages at all wind speeds. At rated power input
the highest of the three winding currents was
found to be nearly 1.5 per unit at 15.6%
unbalance.
Without overloading the windings the maximum power
that can be handled drops considerably with
unbalance. There is a maximum wind speed at each
unbalance which causes rated maximum current
beyond which the system should not operate.
Relevant data are presented in the paper at each
unbalance.
Considerable increase in current unbalance has
been observed, especially at low wind speeds. This
may cause rotor vibrations and oscillatory
torques.
The VAR drain from the grid is moderately effected
by unbalance and depends more on forward and
backward flux levels than on unbalance. The VAR
drain can be compensated by using appropriate
static VAR compensators.
Similar modeling simulations and experimental
investigations were carried out for the extreme
case of unbalance under single phasing. The
typical results obtained reveal the performance
characteristics of induction generator under
single phasing operation. As can be expected the
winding gets considerably overloaded and power
handling capacity is considerably reduced.
The overall rating of the system in handling power
input at rated maximum current under 10% voltage
unbalance and single-phasing would be 30% and 40%
of the balanced normal rating respectively.

It is hoped that the data presented in this paper
resulting from an in-depth study would be found
useful in the design of wind systems subjected to
unbalanced grid conditions.

»•"•»

Fig. 7. Variation of system quantities withr i g . / • va i i e i t iw** *-"• ojf»to^»" ^*.̂ ...».— — —

under s ingle-phasing condition for m/c 1.
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APPENDIX I

A = R t
2 + 4 R r

2 - 4 R t R r + X t
2 - 6 V a b

2 R r / P i n

B = -4R t
2 -16R r

2 +16R t R r -4X t
2 +24V a b

2 R r /P i n

C = 4 R t
2

+ 2 4 R r
2 - 2 0 R t R r + 4 X t

2 - 3 0 V a b
2 R r / P i n

D = - 1 6 R r
2

+ 8 R t R r + 1 2 V a b
2 R r / P i n
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