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ABSTRACT. The utilization of wind energy driven induction generators finds nowadays great interest. The
present paper aimed at improving the performance of the induction generators at the different expected wind
speeds employing control techniques from the rotor side. A set of two converters in the rotor circuit has been
adjusted to inject a voltage such that the generator runs at the speed which allows the wind turbine to extract
the maximum power from the wind, and at the same time to deliver the electrical power to the network at
unity power factor. The double-fed induction generator has been modelled at steady-state conditions using
frequency domain equivalent circuit. The performance characteristics of both double-fed induction generator
(DFIG) and single-fed induction generator (SFIG) have been computed. The computed performance
characteristics have revealed that the DFIG has superior performance characteristics as compared with the
SFIG. The output active power of the generator has been clearly increased by double-feeding especially at
wind speeds far from the base speed. Also, the DFIG nearly does not consume reactive power when
compared with SFIG. Although the output power of the generator is clearly increased by doubly feeding it
the stator and rotor currents still within their rated values.
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1. Introduction

The utilization of wind energy is very important and finds nowadays great interest.
This interest has become vital as all the 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 a need to other
generator types or unconventional solutions. Use of induction generators may solve
the problem of variable speed turbines [1-5].

Many researches concerning the analysis of the performance of grid-
connected induction generator with solid state control has been performed. Abdel-
halim et al [6-14] presented analysis of the performance of induction generators
connected to the network via forced-commutated, naturally-commutated and
chopping ac voltage controllers. Complete electrical performance characteristics
(active power, power factor, harmonic contents, efficiency, e.t.c) have been
included. Other authors [15-20] investigated the performance of the doubly-fed
induction generators. Holdworth et al [17] have carried out 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 lead eventually to voltage instability, while
the DFIG improves the terminal bus voltage profiles thus increasing the stability
margins. Fernandez et al [18] have developed a new way of aggregation of DFIGs
under different incoming winds by an equivalent wind turbine to approximate the
active and reactive powers of aggregated wind turbines. This technique could be
particularly useful in modeling wind farms with high number of wind turbines by
reducing the model order, and consequently the simulation time. De Almeida and
Lopes [19] have described 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 increase the system robustness,
reducing frequency changes following disturbances. Shaltout, et. al., [20] proposed a
simple control strategy of DFIG to facilitate harnessing maximum power extracted
from the wind. This strategy is based on controlling the slip power, which is drawn
from the rotor circuit and fed to the power grid through a rectifier-inverter set.

The present paper aims at improving the performance of the double-fed
induction generators at the different expected wind speeds. A set of two three-phase
controlled bridge converters is used in the rotor side to enable connecting the rotor-
side to the grid. A control technique is employed to adjust the injected voltage in the
rotor. It aims to maximize the extracted wind energy, to improve the performance
characteristics of the induction generators, and to enhance the quality of the
generated power. The converters in the rotor circuit will be adjusted to inject a
voltage such that the generator runs at the speed which allows the wind turbine to
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extract the maximum power from the wind, and at the same time to deliver the
electrical power to the network at unity power factor. The paper presents complete
modelling of the double fed generator, computes the performance characteristics,
and compares the characteristics with those of the single-fed induction generator.

2. System Description and Control Objectives
2.1 Induction Generator System

The system under study (Fig. 2.1) comprises a variable-speed double-output
induction generator. The stator of the generator is directly connected to the grid. The
generator slip-ring rotor is connected to the grid through a set of two controlled
three-phase bridge converters. This bridge-converter set works either as rectifier-
inverter set which rectifies the rotor-frequency slip-ring power and feeds it to the
grid, or it works as inverter-rectifier set which rectifies the grid ac power and feeds it
as slip-frequency power to the rotor.
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Fig. (2.1). Schematic diagram of the generator layout

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. Several designs have
been devised throughout the times. Most of them comprise a rotor that turns round
propelled by lift or drag forces, which result from its interaction with the wind.
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Depending on the position of the rotor axis, wind turbines are classified into
vertical-axis and horizontal-axis ones (Fig. 2.2) [21].

Nowadays, almost all commercial wind turbines connected to grid have
horizontal-axis two-bladed or three-bladed rotors. The rotor is located at the top of a
tower where the winds have more energy and are less turbulent. The tower also
holds up a nacelle. The gearbox and the generator are assembled inside. There is
also a yaw mechanism that turns the rotor and nacelle. In normal operation, the rotor
is yawed to face the wind in order to capture as much energy as possible. Although
it may be very simple in low power applications, the yaw system is likely one of the
more complicated devices in high power wind turbines. Finally, the power
electronics are arranged at ground level.
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Fig. (2.2). (a) Vertical-axis and (b) horizontal-axis wind turbines
Commonly, thrust force, torque and power are expressed in terms of non-

dimensional thrust (Ct ), torque (Cg) and power (Cp) coefficients as follows [22,23]
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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

v (2.5)

This parameter is extremely important and, together with B in the case of
variable-pitch rotors, determines the operating condition of a wind turbine.
Hereafter, we use B to denote pitch angle deviations introduced by pitch actuators in
the case of variable-pitch wind turbines. The torque and power coefficients are of
special interest for control purposes.

Figure 2.3 [22,23] shows typical variations of Cq and Cp with the tip-speed
ratio and the pitch angle deviation. In the case of fixed-pitch wind turbines, Cq and
Cp vary only with A, since § = 0 naturally. So, with some abuse of notation we will
write Cq (A) and Cp (M) to denote Cq(A, 0) and Cp (A, 0), respectively. Figure 2.4
depicts typical coefficients Cq (L) and Cp (A) of fixed pitch turbines in two-
dimensional graphs.

(k)

Fig. (2.3). Typical variations of Cq and Cs for a variable-pitch wind turbine
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Fig. (2.4). Typical variations of (a) Cq and (b) Cs for a fixed-pitch wind turbine

2.3. Control Strategy

The objective of the control strategy is to regulate the speed of the generator
to force the turbine to operate as follows:

i. Limit the minimum speed of operation (region 1).

ii. Follow the curve of maximum power extraction from variable speed
operation with partial load (region 2).

iii. Limit the maximum speed at partial load operation up to the rated generator
power (region 3).

At the same time the power factor of the output current is maintained at unity
power factor over the entire wind-speed range.

2.3.1 Regions 1 and 3: Minimum and Maximum Speed Control

The main objective is to maintain a constant speed of rotation of the turbine
at its minimum value in region 1 and its nominal value in region 3.

Regarding wind energy extraction, maximization is not as high a priority as
in region 2, where the speed of the turbine may evolve to maintain a specific speed
corresponding to the maximum power coefficient; Cpmax. Here, the generator
operates at constant speed.

2.3.2 Region 2: Maximum Power Tracking

In this operation region, the objective of the speed control is to follow the
path of maximum power extraction. The wind turbine speed is regulated such that
the power coefficient is kept at its maximum value at all wind speeds. Thus, the
turbine will work at partial load following the maximum power extraction trajectory.
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3. Steady-State Modelling
3.1 Electrical Side Modelling

AR

Fig. 3.1 shows an approximate frequency domain circuit model of the 3-phase

induction generator when doubly fed [5].

Rs+Rr/S J(Xs+Xr)

VrfS
Vs 1 J¥Xm

Fig. (3.1). Equivalent circuit of the DFIG

3.2 Mathematical Model

The equations which relate the generator output voltage; Vs, and current; Is,
to the injected voltage; V,, generator slip; S, and generator equivalent circuit

parameters are as follows:
Vs = VS — It [(Rs + RiS) +j (Xs + X1)]
le=Vs (-] 1/Xm)
Is=1r-le
The mechanical input power; Pn, is calculated as follows:
Pm=(1-S) (-3 12 R/S +3 VS I P.f)
The generator efficiency; 1, is calculated as follows:
N = Pe/Pm
where Pe is the output electrical power, and is given by
Pe=3VsIsP.fs— 3V, I P.f;
In the previous equations the different phasors are denoted by
Vs =Vs Lys
Is=1s Los

(3.1)
(3.2)
(3.3)
(3.4)

3.5)

(3.6)
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Vi=V: Ly,
=1 Lo
The stator and rotor power factors, P.fs and P.f; are given by
P.fs = cos (ys — @s)
P.fr=cos (yr— ¢r)
3.3- Analysis Methodology

The stator terminal rated voltage; Vs, is taken as a reference. At a certain
wind speed, the slip and the input mechanical power are determined according to the
mode of operation [5]. At this specific slip, the approximate equivalent circuit (Fig.
3.2) is used to solve for the injected voltage; Vi, as a magnitude and phase angle
such that the input mechanical power is that corresponding to the maximum power
extracted from the wind, and at the same time the output current; I, is forced to have
a unity power-factor. This is done by trial and error as follows:

i- Iy is chosen such that Is is in phase with Vs (the reactive component of I,
is equal to I, while the active component is not defined)

ii- Equation 3.1 is used to calculate Vy,

iii- Equation 3.3 is used to check whether the input mechanical power is as
required or not. If not go back to (i).

iv- The iteration continues till a solution is reached.
3.4 Single-Fed Induction Generator Modelling

The normally run induction generator with its stator terminals connected to
the supply, and its rotor is short-circuited may be referred to as single-fed induction
generator (SFIG). This generator is modelled at steady-state by the usual equivalent
circuit of induction machine [5] keeping in mind that the slip is negative (Fig. 3.2).

Rs JXs Rr/S JXr
+— AN —a—rrrn & AN ——rr
1 Is b o§e Ir
JXm
Vs Es 3
* &

Fig. (3.2). Equivalent circuit of the SFIG.
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The output current, active power, reactive power at a specified slip; S, and
terminal voltage, Vs can be determined as usual for the ac circuit analysis using the
equivalent circuit.

4. Results

The mathematical model given in Section 3 has been applied to an induction
generator having the parameters given in Tables 4.1 and 4.2 and coupled to a wind
turbine having the parameters given in Table 4.3 [24]. The generator performance
characteristics have been determined over the 3 operation regions.

Table (4.1). Main Characteristics of the Generator

Nominal stator active power 2.0 MW
Nominal torque 12732 Nm
Stator voltage 690 V
Stator current 1760 A
Rotor current 1807 A
Nominal speed 1500 rpm
Speed range 900-2000 rpm
Pole pairs 2
Table (4.2). Equivalent Model of the Generator
Magnetizing inductance Lm 25mH
Rotor leakage inductance L, 0.087 mH
Stator leakage inductance L 0.087 mH
Rotor resistance R, 0.026 ohm
Stator resistance Rs 0.029 ohm
Table (4.3). Turbine Parameters
Type Horizontal-axis turbine
Radius 42m
Nominal wind speed 12.5 m/s
Variable speed ratio (minimum-maximum 9-18 rpm
turbine speed)
Optimum tip speed ratio 7.2
Maximum power coefficient Cy_max 0.44
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The DFIG performance characteristics are shown in Fig. 4.1-4.6. To evaluate
the performance characteristics of the DFIG, it will be helpful to compare it with the
SFIG. The SFIG performance characteristics are determined using the following
procedure:;

i- The generator is assumed to run near its synchronous speed (1500 rpm) at
the base wind speed 6.5 m/s, while the tip-speed ratio; A, at this condition gives the
maximum C, value of the turbine (0.455).

ii- At other value of the wind speed, keeping in mind that the generator still
runs very near to its nominal synchronous speed, the tip-speed ratio is determined.

iii- Using the characteristic of the wind-turbine (Fig. 2.4), C,, is determined, and
consequently the mechanical power and torque are determined (Egns. 2.2 and 2.3)

iv- At this torque the slip, then output current, active power, reactive power
and power factor are determined using the equivalent circuit shown in Fig. 3.2.

Following the previous procedure, the extracted power and torque at different
wind speeds in case of SFIG are given in Table. 4.4.

Table (4.4). Extracted power and torque

Mechanical torque, Nm Mechanical power, watts Cp A Wind-speed, m/s
1017 159659 0.29 10.2 4
1778 279300 0.35 9.1 45
2671 419400 0.39 8.19 5
5208 817626 0.44 6.825 6
6109 959217 0.45 6.55 6.25
6969 1094250 0.455 6.3 6.5
7506 1178450 0.44 6.1 6.75
8084 1269208 0.43 5.85 7
11221 1761758 0.4 5.11 8

The performance characteristics of the SFIG are shown in Figs. 4.7 - 4.12.
Comparing the performance characteristics of the DFIG with the SFIG reveals the
following:

- The output active power of the generator is clearly increased by double-
feeding especially at wind speeds far from the base speed. For example, at wind
speed of 4 m/s, the total output active power is about 0.27 MW for DFIG while it is
about 0.16 MW for SFIG which means an increase of about 68%. At wind speed of
8 m/s, the total output active power is about 2.55 MW while it is about 1.73 for
SFIG which means an increase of about 47% (Figs. 4.4 and 4.8)

- The DFIG nearly does not consume reactive power when compared with
SFIG. The DFIG consumes from the rotor side a maximum reactive power of about
0.0025 MVAR at low speed. No reactive power is required at the base wind speed
(6.5 m/s). At wind speeds higher than the base wind speed, the DFIG delivers
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reactive power which reaches about 0.0027 MVAR at wind speed of about 8 m/s.
On the other hand, the SFIG consumes reactive power ranges from 0.6 MVAR at
wind speed of 4 m/s up to 0.98 MVAR at wind speed of 8 m/s (Figs. 4.5 and 4.9).

- Although the output power of the generator is clearly increased by doubly
feeding it, the stator and rotor currents still within their rated values (Fig. 4.6 and 4.10)
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Fig. (4.1). DFIG speed versus wind speed for the 3-operation regions
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5. Conclusion

The present paper aimed at improving the performance of the induction generators at
the different expected wind speeds employing control techniques from the rotor
side. The paper aimed to maximize the benefit of the wind energy, to improve the
performance characteristics of the wind-driven induction generators, and to enhance
the quality of the generated power. The inverter in the rotor circuit has been adjusted
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to inject a voltage such that the generator runs at the speed which allows the wind
turbine to extract the maximum power from the wind, and at the same time to
deliver the electrical power to the network at unity power factor.

The computed performance characteristics of both the double fed induction
generator (DFIG) and the single-fed induction generator (SFIG) has revealed that
the control of the induction generator through injecting voltage in its rotor circuit
enhances the performance of the generator as compared with the SFIG. The output
active power of the generator is clearly increased by double-feeding especially at
wind speeds far from the base speed. Also, The DFIG nearly does not consume
reactive power when compared with SFIG. The DFIG consumes from the rotor side
a very low reactive power at low wind speeds, while no reactive power is required at
the base wind speed. At wind speeds higher than the base wind speed, the DFIG
delivers reactive power. On the other hand, the SFIG consumes noticeable reactive
power. Although the output power of the generator is clearly increased by doubly
feeding it, the stator and rotor currents still within their rated values.
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