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Abstract. All experts have expected the rapid exhaust of the
conventional energy resources. Therefore, the utilization of wind
energy is very important and finds nowadays great interest. The
present research Paper aims at enhancing the performance of wind-
driven induction generators at the different expected wind speeds
employing control techniques from both the stator side and the rotor
side. The control from the stator is done via cycloconverter, while the
control from the rotor side is done through the simple method of
adding resistances in the rotor circuit.

The combined-controlled induction generator has been modelled
at steady-state conditions using frequency domain equivalent circuit.
Computer-programs have been developed to compute the performance
characteristics of the combined-controlled induction generator (CCIG)
and the uncontrolled induction generator (UCIG). The computed
performance characteristics of the combined-controlled induction
generator and the uncontrolled induction generator have revealed that
the control of the induction generator through the stator
cycloconverter and the rotor added-resistance has enabled capturing
more energy from the wind.

Keywords: Wind-driven induction generator, Solid-state controlled
induction generator, Cycloconverters, Grid-connected

induction generator.
List of Symbols:

Cr, Cq and Cp : Thrust, torque and power coefficients, respectively
1 : Current, A

L : Inductance, H

Fr : Thrust force, newton

S : p-uslip

T : Torque, N.m

Vi and E, : Applied and induced stator voltage, respectively
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\% : Wind speed, m/s

P, : Wind-turbine power, W

Py : The power in the wind passing through an area with
speed V, watts

Ry, Ry, Re : Stator, rotor and core resistances respectively, ohm

R : Turbine blades radius, m

X1, Xz and X,, : Stator, rotor and excitation reactances respectively, ohm

B : Pitch angle

A : Tip-speed ratio

p : Air density, kg/m’

Q, : Mechanical angular speed of the turbine, rad/s

1. Introduction

The utilization of wind energy is very important and finds nowadays
great interest. This interest has become vital as all experts have expected
the rapid exhaust of the conventional energy resources. Therefore,
generation of electrical energy from the renewable wind energy has
found increasing applications.

Use of wind-turbines as prime movers has the problem of being of
variable and unexpected velocities. As the frequency of the generated
voltage of the synchronous generators is tied to the prime mover speed
there is need to other generator types or unconventional solutions. Use of
induction generators may solve the problem of the variable speed turbine
as the frequency of the generated voltage of the induction generator is not
tied to the prime-mover speed, but it always matches the frequency of the
network to which the generator is connected '),

Many research works investigating the performance of grid-
connected induction generator with solid state control has been
performed. Abdel-halim'*' and others 7 presented an analysis of the
performance of induction generators connected to the network through
different ac voltage controllers. Complete electrical performance
characteristics have been presented. Other authors *'*! analyzed the
performance of the doubly-fed induction generators. Holdworth et al. L10]
have presented a comparison between fixed-speed induction- generators
(FSIG) and variable speed doubly-fed induction generators (DFIG). They
showed that the FSIG during short circuits induces voltage sags at the
terminal busbars which may cause voltage instability, while the DFIG
improves the terminal bus voltage profiles thus increasing the stability
margins. Fernandez et al. !'"! developed a new way of aggregation of
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DFIGs under different wind speeds by an equivalent wind turbine to
approximate the active and reactive powers of aggregated wind turbines.
This technique is useful in modeling wind farms with high number of
wind turbines as it reduces the model order, and consequently the
simulation time. de Almeidam and Pecas Lopes !'*! developed a control
approach to provide a frequency regulation capability integrated into a
DFIG active power control loop using the frequency deviation. Such an
approach could contribute to enhancing the system robustness, reducing
frequency changes associated with disturbances. Shaltout and El-Ramahi
3] proposed a simple control strategy of DFIG to trace the maximum
power available at different wind speeds. This strategy is based on
controlling the slip power through a rotor rectifier-inverter set. Abdel-
halim and Almarshoud "*! proposed a technique for the rotor injected
voltage such that the wind turbine traces the maximum wind energy, and
at the same time the generator current is kept at unity power factor.

Boumassata, et al. ! proposed a system constituting of a DFIG

with the stator connected directly to the grid while the rotor is supplied
by a three phase cycloconverter. The performance of the system was with
a control aiming at improving the maximum power point tracking. The
control was independent of the active and reactive powers using stator-
flux oriented control technique. Devabhaktuni, et al. ' dealt with the
stator flux oriented vector control of wind driven self-excited induction
generator through the cycloconverter at the point of common coupling.
The control strategy of supplying the firing pulses is based on the stator
flux oriented vector control of self-excited induction generator.

The present paper aims at improving the performance of the
induction generators at different expected wind speeds employing
combined control techniques from both the stator side and the rotor side
(CCIG). The control from the stator side will be done via cycloconverter,
while the control from the rotor sides is done through the simple method
of adding resistances in the rotor circuit. This work will add to the efforts
made to develop usage of wind energy. The paper presents complete
modelling of the CCIG, computes the performance characteristics, and
compares the characteristics with those of the uncontrolled induction
generator (UCIQG).
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2. System Description and Control Objectives
2.1 Induction Generator System

The system under study comprises a variable-speed induction
generator linked to the grid through a cycloconverter in the stator side,
while fine control may be achieved through added resistances in the rotor
side (Fig. 1).

Gear %—I: = CCIG

b = Cycloconverter = o

Fig. 1. Schematic diagram of the CCIG system.
2.2 Wind Energy and Wind Turbines

Wind turbines are mechanical devices specifically designed to
convert part of the kinetic energy of the wind into useful mechanical
energy. Depending on the position of the rotor axis, wind turbines are
classified into vertical-axis and horizontal-axis ones " Nowadays,
almost all commercial wind turbines connected to grid have horizontal-
axis two-bladed or three-bladed rotors.

Commonly, thrust force, torque and power are expressed in terms
of non-dimensional thrust (Cr), torque (Cq) and power (Cp) coefficients
as follows ['® 1%,

Fr = %prQCT (A, 5)V2,

(2.1)
L S v anvird
T, = =pwR*C (A 5)V*,
EP’F QA JI (2.2)
P, = Cp(X APy = %pﬂﬂﬂcp.ﬁ. BV,
(2.3)

Cg =Cp/A
2 P, (2.4)
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Note that the three coefficients are written in terms of the pitch
angle and the so-called tip-speed-ratio; A, defined as

R
(2.5)
Figure 2 shows typical variations of Cq and C, for a fixed-pitch
wind turbine %7,
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Fig. 2. Typical variations of (a) Cq and (b) Cp for a fixed-pitch wind turbine.
2.3. Control Strategy

The system under study enables either control from the stator
cycloconverter only (SCIG) or combined control from the stator side
through the cycloconverter in addition to adding resistances in the rotor
side when necessary. The objective of the control strategy is to regulate
the speed of the generator to force the turbine to operate as follows:

At high wind speeds, the turbine is operated such that the generator
works slightly higher than its nominal speed. In this case, the power
extracted will be maximum at a certain wind speed (power base speed),
and not over the whole range. At the power base wind speed, the output
frequency of the cycloconverter is adjusted to be the nominal generator
frequency. As the wind speed increases above the power base speed the
frequency is kept constant at the rated value. The power extracted from
the wind is not the available maximum power. At a certain wind speed
higher than the power base speed, it happens that the torque extracted
from the wind becomes the maximum available torque. This speed will
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be called the torque base speed (Vwq). As the wind speed exceeds the
torque base speed, resistances may be added to the rotor of the generator
to keep tracing the available maximum torque.

i- As the wind speed decreases below the power base speed, the
frequency is kept at its rated value. This is the case until the wind speed
reaches a value such that the torque extracted from the wind at generator-
speed near the nominal speed becomes half or less than the maximum
torque that can be extracted from the wind, the output frequency of the
cycloconverter is adjusted to be half the generator nominal frequency.
Rotor resistances may be added over the range starting from the wind
speed of frequency switching down to a torque sub-base speed. At this
speed the torque extracted is the maximum available torque without
added rotor resistance. At wind speeds lower than the torque sub-base
wind speed, operation continues at half the rated frequency without
added resistances.

ii- When the wind speed gets lower such that the torque extracted
from the wind at generator speed near half the nominal value becomes
two-thirds the possible maximum extracted torque value, the output
frequency of the cycloconverter is adjusted to be one-third the generator
nominal frequency. The control strategy followed at lower wind speed is
similar, then, to that followed before.

3. Steady-State M odelling
3.1 Circuit Model

Figure 3 shows a frequency-domain per-phase circuit model of the
3-phase combined-controlled induction generator ). The generator is
linked to the grid through a cycloconverter, with a possible-rotor added
resistance.

(R+R )5

add

Fig. 3. Per-phase equivalent circuit of the combined-controlled induction generator.
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Ra,4q represents the possible added rotor resistance. X;, X, and X, are
functions of the output frequency of the cycloconverter and are given by:

X =2
n

where, ®, is the generator rated angular frequency which is the input
frequency to the cycloconverter, and n takes the values 1, 2, 3, .. to
determine the cycloconverter output frequency w,/n.

For constant flux operation the output voltage of the cycloconverter
is adjusted to keep constant voltage to frequency ratio. Thus, V; is given
by V/n.

3.2 Mathematical Model

The iduced torque of the induction generator is related to applied

voltage, slip and the equivalent circuit parameters as follows ©*';

3VZR,,/S
T = T 2Za/ - (3 1)
ws[(Rr + R /S)* + (X7 + X3)?]
where Ry, is the total rotor resistance; Rya = Ry + Ragg, V1, Rr and Xt are
the Thevenin's equivalent circuit parameters of the stator. Neglecting R,
these are given by

vV, X
Vp = 17m (3.2)

JRB + (X; + X;n)?

Ry + jXr = (R, +jX1)// jXm (3.3)

In case of adding resistances in the rotor circuit, the speed of the
generator and hence its slip is related to the wind speed such that the tip
speed ratio; A, corresponds to the maximum torque coefficient; Cqmax.
This means that

Na/Ngo = Vi/Viwg (3.4)

The output current, active power, reactive power at a specified slip; S,
and terminal voltage; Vi, can be determined as usually done for the ac
circuit analysis using the equivalent circuit.

4. Resaults

The mathematical model given in Section 3 has been used to
develop an M code program to enable the computation of the
uncontrolled and the controlled induction generator performance
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characteristics. The program has been used to compute the characteristics
of an induction generator having the parameters given in Tables 1 and 2
[14- 18] "The generator performance characteristics have been determined
over a wind-range of wind speed (2 m/s up to 10 m/s).

Table 1. Main Characteristics of the Generator.

Nominal stator active power 2.5 MW
Nominal torque 15915 Nm
Nominal stator voltage, V. 690 V
Nominal stator current 2330 A
Nominal rotor current 2459 A
Nominal speed 1500 rpm
Speed range 900-2000 rpm
Pole pairs 2

Table 2. Equivalent Model of the Generator.

Magnetizing inductance; Lm 2.3 mH

Rotor leakage inductance; L, 0.085 mH
Stator leakage inductance; L, 0.085 mH
Rotor resistance; R, 0.022 ohm
Stator resistance; R, 0.024 ohm

To evaluate the performance characteristics of the controlled
induction generator, it will be helpful to compare it with the uncontrolled
one. At a base wind speed (6.5 m/s in our case), the turbine extracts the
maximum power from the wind, while the generator is normally driven
without any control. A (the tip speed ratio) at this wind speed corresponds
to the maximum power coefficient (Cpmax). From the typical turbine
curve, A and Cpmax are found to be 0.63 and 0.455, respectively. The wind
extracted power at this base wind speed is found to be 1.1 MW. This
meant that at the highest expected wind-speed (10 m/sec in our case), the
wind extracted power will be limited at the most to about 2.5 MW. Thus,
the turbine and the generator will not be over-loaded. The performance
characteristics for the uncontrolled induction generator (UCIG) are, then,
determined using the following algorithm:

a — The calculations started from the highest assumed wind speed
going down in steps

b — A is calculated assuming that the generator runs at a speed
slightly higher than the rated synchronous speed. Cq is then obtained
from the typical turbine curves. The induced torque is calculated at each
wind speed using Eq. 2.2.

¢ — Once the torque is calculated, the slip is calculated using Eq. 3.1.
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d — The output current, power factor, active power, reactive power
and the efficiency are then calculated using the equivalent circuit (Fig. 3).

The algorithm used for the stator-cycloconverter controlled
induction generator (SCIG) is similar to that for the UCIG except that
while the wind speed goes down, we keep watching Cq, and once it
happens that Cq becomes half its maximum value (Cgmax), the input
frequency and voltage applied to the generator by the cycloconverter are
halved. The tip speed ratio (A) is recalculated to correspond to half the
rated synchronous speed. The calculations of Cq and the induced torque
continue as before until Cq reaches two-thirds the maximum value. Then,
the frequency and voltage applied to the generator are changed to one-
third the rated value. Then after, the calculations continue, and the
frequency is reduced again, and so on until the lowest wind speed is
reached.

The algorithm used for the combined controlled induction
generator (CCIG) is similar to that of the SCIG except that at wind
speeds higher than the torque base speed at the nominal frequency or the
torque sub-base speed at the other frequencies, the extracted wind torque
is assumed to be the maximum available value. This is achieved through
adding resistances in the rotor circuit. The slip at these wind speeds is
calculated such that it realizes the tip speed ratio that gives maximum
extracted torque using Eq. 3.4. The performance characteristics of the
UCIG, SCIG and the CCIG are shown in Fig. 4-16.

Comparing the performance characteristics of the UCIG and the
CCIG reveals the following:

i- The power factor curves for the UCIG and the SCIG (Fig. 4 &
5) show that the power factor is enhanced by controlling the frequency
such that when the frequency is changed at low wind speeds to 25 Hz, the
power factor is improved and approximately ranges from 0.62 to 0.25
instead of approximately 0.45 to 0.02 at 50 Hz. When the frequency is
changed to 16.67 (50/3) Hz at lower wind speed, the power factor is
improved, and approximately ranges from 0.3 to 0.22 instead of
approximately 0.02 to about 0.01 at 50 Hz. The effect of adding
resistance on the power factor is negligible.
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Fig. 4. Power factor versusthewind speed for UCIG.
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Fig. 6. Active power versusthewind speed for UCIG.
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Fig. 7.Active power versusthewind speed for SCIG.
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Fig. 8. Active power versusthewind speed for CCIG.
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Fig. 9. Reactive power versusthewind speed for UCIG.
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Fig. 10. Reactive power versusthewind speed for SCIG.
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Fig. 11. Reactive power versusthewind speed for CCIG.
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Fig. 12. The generator efficiency versusthewind speed for UCIG.
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Fig. 14. The generator efficiency versusthewind speed for CCIG.
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ii- The output active power is increased when the frequency is
changed to 25 Hz at low wind speeds such that it ranges from 0.25 MW
to 0.1 MW, while the range was about 0.26 MW to 0.07 MW at 50 Hz.
At lower wind speeds the output active power nearly vanishes if the
frequency is kept at 50 Hz, while by changing the frequency to 16.67
(50/3) Hz, the output power ranges from about 0.1 MW to about 0.08
MW (Fig. 6 & 7). Again the effect of adding resistances in the rotor is
negligible at 25 Hz and lower frequencies, while it gives noticeable effect
at 50 Hz at high wind speeds. For example, the active power increases
from about 2.45 MW to about 2.75 MW at wind speed of 10 m/s (Fig. 7
& 8).

iii- The reactive power consumed by the generator is decreased by
halving the frequency to nearly half its value at 50 Hz, and it is again
decreased to one-third its value at 50 Hz (Fig. 9 and 10). Adding
resistances in the rotor increases the consumed reactive power by about
10% (Fig. 10 & 11).

iv- The generator efficiency drops as the frequency is lowered by
the cycloconverter (Fig. 12 & 13). However, this is unimportant as
irrespective of the decreased efficiency the output power increases due to
the increase of the captured mechanical power. Adding resistances in the
rotor circuit somewhat reduces the generator efficiency (Fig. 14).

v- The terminal current jumps when the frequency and the voltage
is lowered (Fig. 15 & 16). Adding resistances has little effect at low
frequency, however, it increases the current at high wind speed when the
generator works at its nominal frequency (Fig. 15 & 17).

In the case of CCIG, the calculated values of the added resistance
in each rotor phase is given in Table 3.

Table 3. Values of the added resistancesin therotor.

Wind 10 9.0 8.0 7.0 | 675 | 6.5 | 6.25 6 5 4.5

speed, m/s

Frequency, 50 50 50 50 50 | 50 | 50 50 50 50
Hz

R./phase, 0.2822 0.1669 0 0 0 0 0 0 0 0
ohm

Wind 4.3 42 4.1 40 | 35 |30 274|267 | 25 |225

speed, m/s

Frequency, 25 25 25 25 25 | 25 | 25 | 50/3 | 50/3 | 50/3
Hz

R./phase, 0.2476 0.1664 | 0.0769 0 0 0 0 0 0 0
ohm
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5. Conclusion

The present paper aimes at optimizing the performance of a wind-
driven induction generator at different expected wind speeds employing
control techniques from both the stator side and the rotor side. The
control from the stator is done via cycloconverter, while the control from
the rotor side is done through the simple method of adding resistances in
the rotor circuit. The combined-controlled induction generator has been
modelled at steady-state conditions using frequency domain equivalent
circuit. Computer-programs have been developed to compute the
performance characteristics of the combined-controlled induction
generator (CCIG) and the uncontrolled induction generator (UCIG).
Comparing the performance characteristics of the UCIG and the SCIG
reveals the following:

i- The power factor is enhanced by controlling the frequency at
low wind speeds.

i1- The output active power is increased when the frequency is
lowered at low wind speeds.

iii- The reactive power consumed by the induction generator
almost decreases in proportion to the frequency of the generator applied
frequency.

iv- The generator efficiency drops as the frequency is lowered by
the cycloconverter. However, this is unimportant as irrespective of the
decreased efficiency, the output power increases due to the increase of
the captured mechanical power.

Adding rotor resistances has negligible effect at low wind speed.
The effect at high wind speeds appears on the delivered active power
which somewhat increases, and on the consumed reactive power which
somewhat increases. The power factor is almost unaffected.
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