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Abstract. In this research, a cage induction generator has been linked to the grid and driven with a
wind-turbine to generate electrical power. The cage generator has been used in place of the costly
slip-ring generator. The performance characteristics of the cage induction generator have been
ameliorated through changing its number of poles to comply with the level of the wind speed to
maximize the mechanical power extracted from the wind. Pole changing has been achieved
employing pole-amplitude modulation technique resulting in three sets of pole numbers. The
results proved the feasibility and effectiveness of the suggested method, as the proposed technique
led to driving the generator, and consequently the wind-turbine at speeds close or equal to those
satisfying the optimum tip-speed ratio which corresponds to the point of maximum mechanical

power.
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List of Symbols:

C,: Wind power coefficient

Cq: Wind torque coefficient

l,: Rotor current

ls. Stator current

nm: Generator speed

ns: Synchronous speed

V: Stator voltage

V. Wind speed

P+: Turbine output power

R,: Rotor resistance

R,: Stator resistance

R.: Core resistance

Rr: Thevinin’s equivalence resistance
R,: Radius of the turbine blade

X:: Rotor leakage reactance

X, Stator leakage reactance

Xm: Magnetizing reactance

Zs - The equivalent series impedance
Xt1: Thevinin’s equivalence reactance
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s: Per-unit slip

jB: Blade pitch angle

A : Tip-speed ratio

o7: Angular speed of the wind turbine
T: Generator induced torque

Tr: Turbine output torque

1. Introduction

The utilization of wind energy is very
important and finds nowadays great interest.
This interest has become vital as the world is
going to face great shortage in the
conventional energy resources. Therefore,
generation of electrical energy from the
renewable wind energy has become an
essential goal of energy researches. The wind-
turbines as prime movers have variable and
unexpected  velocities. If  synchronous
generators are used, the frequency of the
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generated voltage will be variable as it is tied
to the prime-mover speed. Therefore, the need
to other types of generators or unconventional
solutions arises. Using of induction generators
solve the Problem of these variable speed
turbines 3.

Most of the research works carried out in
this field aimed at maximizing the power
efficiency of the wind-driven induction-
generator by controlling the system such that
the turbine always extracts the possible
maximum wind-power at all wind speeds %,

Shaltout, et al., ™ proposed a simple
control strategy of a double fed induction
generator (DFIG) to track the maximum power
available at different wind speeds using a
rectifier-inverter set in the rotor. Abdel-halim
et al.  proposed a technique for the rotor
injected voltage of a DFIG such that the wind
turbine tracks the maximum wind energy, and
at the same time the stator current is kept at
unity power factor. Boumassata et al.l
proposed a system constituting of a DFIG
using a controlled cycloconverter in the rotor
aiming at improving the maximum power
point tracking. Abdel-halim, et al. [ @
suggested a method of controlling the
induction generator such that the driving wind-
turbine follows the point of maximum wind
power. This is employed through dual control
using a cycloconverter in the stator side and
three added resistances in the rotor side. Other
authors suggested controlling the IG from the
stator side using rectifier-inverter set ! with
the aim of tracing the maximum wind power
points, or using a cycloconverter *°! to drive
the generator as near as possible to these
maximum points.

In general, control of the induction
generators is achieved via the use of solid-state
converters in the stator and/or the rotor sides.
When solid-state converters are used in the
rotor side, they will be of reduced rating

(about 25 % of the generator rating) Y. But in
this case, the induction generator should have
a slip ring rotor, which is expensive compared
to the cage one. To control the cheaper cage
induction generator utilizing rectifier-inverter
set, the converters should be used in the stator,
which is the only available side. In this case, if
a rectifier-inverter set is used, its rating should
be the same as that of the generator, which is
again costly. To avoid such costly converters,
another control techniques have to be used for
the cage induction generators such as changing
the number of poles.

Linni Jian, et al. " proposed a novel

double-winding flux modulated permanent
magnet machine (FMPM) for stand-alone
wind power generation. Based on the flux-
modulating effect, a concentrated winding set
and a distributed winding set could be artfully
equipped on one stator component. The
authors showed that the proposed FMPM can
offer higher torque capability and stronger flux
adjustability than the existing single-winding
FMPMs generators.

It is noted that mostly the cage induction
generator has been used in constant speed
systems ® M The present paper aims at
increasing the output electrical power of the
induction generators at the different wind
speeds through the control of the stator
number of poles. Pole control will be achieved
via changing the machine number of poles
using pole amplitude modulation technique for
the stator winding 3!, The study will end with
suggesting control strategies to maximize the
output electrical power from the generator.

The research will be performed through
developing a circuit model for the controlled
grid-connected cage induction generator
considering pole-changing. Then, a
mathematical model will be developed for the
complete system. Based on this model, the
performance characteristics of the system will
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be computed, and a comprehensive analysis
for the performance characteristics of the
controlled generator will be carried out.

2. Studied System

The system under study comprises a
wind-driven grid-connected cage induction
generator controlled by pole amplitude
modulation technique. The generator is
directly linked to the grid (Fig. 1).

\
' Grid

Wind
Turbine

Fig. 1. The wind-driven grid-connected induction generator
system.

3. Control Method

To increase the output power of the
system, it is necessary to increase the extracted
power of the wind. This is achieved by driving
the generator at speed such that the turbine tip-
speed ratio is e(aual or very near to the
optimum value ™ & 1 pole amplitude
modulation technique %! will be used to adjust
the generator speed at 3 levels. This technique
is done to extract the maximum wind power
through adjusting the turbine tip-speed ratio to
be close to its optimum value.

3.1 Pole-Amplitude Modulation (PAM)

In this technique the windings are
grouped in two sections, and the current
direction in one section of each phase is
reversed with respect to the other. This method
utilizes the norm of amplitude-modulation to
the space-distribution of the magnetic motive
force produced by the windings. The windings
design procedure is based on trigonometrical
equations *¥,

In  two-speed PAM windings the
connections of the three phase windings were
2-parallel-star/ series-delta %71 For three-
speed PAM windings, three speeds are made
possible by using 4-parallel-star/ 2-parallel-
star/ series delta switching 1**], using the circuit
shown in Fig. 2. Table 1 explains how the
terminals are dealt with to get the 3 different
pole numbers that gives the 3 different speeds.

B
(8) . b

(cad 4 Co <5 T4

Fig. 2. Circuit diagram for 3 speed pole-amplitude
modulation.

Table 1. Different connections and supplying patterns for
the 3-speeds PAM.

Speed | (4- Speed 11 (2- Speed 111
Parallel-star) Parellel-star) (Series-delta)
Join a; by ¢4 Join Joina; by ¢, Isolate a, az a,
as bs cs Isolate a; as by by | by bsbsicy s,
Join a, ay; b, by; C, Cy Supply a; by ¢4
C, Cy Supply az bz c3

Supply a; a4; b,

b4; €z Cy

4. System Modelling
4.1 Wind Turbine Mathematical Model

Wind turbines are equipment specially
designed to convert amount of the energy of
the wind into useful mechanical energy.
Depending on the direction of the turbine axis,
wind turbines are classified into vertical-axis
and horizontal-axis ones 8. Nowadays,
almost all commercial wind turbines used in
conjunction with generators to deliver
electrical power to grids have horizontal-axis
two-bladed or three-bladed rotors.
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The turbine output torque and power are
usually expressed in terms of non-dimensional
torque &CQ) and power (Cp) coefficients as

follows 1,

Ty =5 PR C( B)Viy (4.1
Py =5 pnRECr (1 IV, (4.2)
Co=Cp /2 (4.3)

Note that the two coefficients are written
in terms of the pitch angle and the so-called
tip-speed-ratio; A, defined as

A= (a)T Rb)/ Vw (4.4)

Where Ry, is the radius of the turbine blade in
meter, wt is the turbine angular velocity in
rad/s, and V,, is the wind speed in m/s. Fig. 3

shows typical variations[ o]f Cq and C, for a
15

fixed-pitch wind turbine

Fig. 3. Typical variations of CQ and CP for a fixed-pitch
wind turbine.

4.2 Induction Generator Circuit Model

Figure 4 shows a frequency-domain per-
phase circuit model of the 3-phase induction
generator ). The equivalent circuit parameters
depend on the number of poles of the
generator 2,

The parameters of the equivalent circuit
depends on the number of stator poles which is
set through variation of the stator circuit
topology ™.

o

Fig. 4. Per-phase equivalent circuit of the induction
generator.

4.3 Induction Generator Mathematical Model

The induced torque of the induction
generator is related to applied voltage, slip and
the equivalent circuit parameters as follows =;

3 VZR./s

t= ws[(RT+Rp/s)2+ (X1+X,)?] (4.5)

where Vr, Rt and Xy are Thevenin's equivalent
circuit parameters of the stator. These are
given by

— VsZms

B V(Rs+Rcs)2+(Xs+Xms)?

Ry + jX7 = (R +)Xs)// i Xm // Re (4.7)

where R¢s and X are the components of Zps
(The equivalent series impedance of the
parallel components; R; and Xp,).

Vr

(4.6)

5. Computation Algorithm

A computer program has been developed
to compute the performance of the induction
generator using pole-modulation-amplitude
when driven by wind turbine at the different
wind speeds. The computations have been
based on the mathematical models given in
Section 4.2. The algorithm followed during
computing the performance for the different
number of poles is as follows:

i- At a certain wind speed and number
of poles, the tip-speed ratio (A) is initially
calculated assuming that the speed of
generator is equal to its synchronous speed
using Eqn. 4.4 Then, the torque coefficient
(Cq) is determined wusing the turbine
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characteristic (Fig. 3), and the torque of the
wind turbine is calculated using Eqn. 4.1.

ii- The slip is calculated using Eqn. 4.5,
and a new speed of the generator is calculated.
Then, A, Cq and the wind turbine torque are
recalculated. The iterative technique continues
until no variation in the slip occurs.

iii- At the calculated value of the slip,
the equivalent circuit (Fig. 4) is used to
calculate the generator currents, power factor,
output power, losses etc.

iv- The calculation is repeated for
different wind speeds over the wind speed
rang and for the three sets of poles.

6. Results and Discussion

The developed computer program has
been applied on a generator of the data given
in  Appendix 1. The  performance
characteristics at different number of poles,
namely; 4, 6 and 8 have been calculated. The
captured mechanical power from the wind is
affected by the number of poles (Fig. 5). As
the wind speed decreases, the number of poles
should be increased to extract more
mechanical power from the wind. For the
studied generator, for speeds higher than about
9.6 m/s 4-poles should be used, while when
the generator number of poles is changed to 6-
poles, more mechanical power is extracted
when the wind speed ranges between 9.6 m/s
and 6.8 m/s. To extract the highest mechanical
power at wind speeds lower than 6.8 m/s, the
number of poles should be changed to 8 poles.

The captured mechanical power from the
wind through pole control is very near to the
theoretical maximum extracted power from the
wind as depicted in Fig. 6.

The output electrical power from the
generator is more or less follow the same
manner as the input mechanical power (Fig.
7). The output electrical power is maximized
when the number of poles is set to 4-poles for

wind speeds higher than 9.2 m/s. Over the
wind speed range from 9.2 m/s and down to
about 7 m/s, the generator output electrical
power is the highest for 6-poles. At wind
speeds lower than 7 m/s, that of the 8-poles is
the highest.

The stator and rotor currents (Fig. 8& 9)
decrease generally as wind speed decreases.
An eye should be kept on these currents to
ensure that they are within the permissible
rated values. The investigation of these figures
show that if the number of poles is changed
corresponding to the specified wind speeds,
the stator currents will be kept within the safe
values (18.44 A for 4 poles, 14.98 A for 6
poles and 13.68 A for 8 poles).

The power factor curves (Fig. 10)
indicate that changing the number of poles as
the wind speed decreases below the middle
wind speed value (8 m/s) results in operation
at better power factors. At low wind speeds,
the power factor become negative as the
generated power is low to the extent that it
does not cover all the stator losses, and the
machine draws electrical power from the
supply to cover the rest of the losses.

7. Conclusions

Utilization of wind energy to generate
electrical power is very vital. Cage induction
generators- being cheap- can be used in small
wind energy conversion system to replace the
costly slip ring generators. To enhance the
performance of such induction generator, pole
amplitude modulation technique has been
applied to increase the captured wind
mechanical power, and hence the output
electrical power.

Pole amplitude modulation method with
three sets of poles has proved its effectiveness
in this regard. At high wind speeds, the
generator number of poles is set to the lowest
number, and at medium wind speeds the
number of poles is set to the medium value,
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while at the low wind speed the highest wind turbine around the maximum wind-
number of poles is used. Application of this energy point at all wind speeds.
control technique ensures the operation of the
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Fig. 5. Input mechanical power for the different number of poles versus wind speed.
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Fig. 6. Input mechanical power using pole control compared with the theoretical extracted maximum power.
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Fig. 7. Output electrical power for the different number of poles versus wind speed.
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Fig. 8. The rotor current versus the wind speed at the different number of poles.
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Fig. 9. The stator current versus the wind speed at the different number of poles.
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Appendix 1: The Generator Data

The studied cage generator is a 3-phase, 10/6.67/5 kW, 380 V, 50 Hz, 4/6/8 pole amplitude
modulated cage induction generator. The parameters of the generator are as follows:

Parameters

8 poles

[
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52
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