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Abstract.  This paper presents a number of controlling techniques that can used in extracting the wind energy from a wind prime mover. The extraction of wind energy bears in mind the target of matching the electric power needed by an electric generator with the maximum possible output power of a wind motor. The system studied consists of a wind motor model driving an electric generator unit. The electric generator considered can be one of the two types: 1- a separately excited DC generator and 2- isolated self-excited induction generator. Both generators were thought to be feeding a resisistive load. Steady state performance of each controlling technique is analysed and validated via computer simulations. Interesting results are encountered in the case of using the induction generator.
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Introduction

Renewable energy sources have been and will be forever welcome sources of energy that mankind should consider/exploit. Their exploitation is supported by the argument that existing bulky energy sources (i.e.: hydraulic, coal, gas, oil, nuclear sources, etc...) are not of a permanent nature. Moreover, in isolated areas where common sources of energy are not available and cannot be installed for economic reasons, renewable energy sources seem to be the only alternative that can provide the energy demand.
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Among the renewable energy sources, wind energy source is a primary option to consider when compared to other remaining renewable sources of energy in particular if the wind energy is in abundance. A wind energy system is characterized by the provision of free, clean, and to a less extent quiet energy. Unfortunately, in the extraction of mechanical (motrice) energy from the wind, a poor energy turn-out is encountered. Two reasons can be used to justify the poor energy turn-out: I- Non-avoidance of some

physical aerodynamic constraints as will be seen later when discussing the development of a model for the wind motor and II- Inadequate matching of the possible generated wind motor energy with the electric load consumption. Fortunately, with the flexibility of power electronics circuitry nowadays, the second argument can be worked-out easily and often improved. 

This paper suggests few controlling techniques that can be used to overcome the second reason of the poor energy turn-out. The target of each controlling technique is to extract maximum power from the wind motor at different possible wind speeds.  The investigation done in this article consists of a wind machine driving an electric generator.  The electric generator is either a separately excited DC generator or a self-excited induction generator. Both generators are assumed to feed a passive load (RL load) through certain controlling schemes.  Steady state conditions are of concern in this investigation. Dynamic studies are planned to be held in future investigations. 

Studied Systems

1) Wind motor model

Machines used to produce power from the wind are usually classified into two different groups:  horizontal-axis and vertical-axis machines [1]. In order to develop a model to any one of the machine groups, Betz theory [1] is usually used. Betz assumes that the wind rotor is ideal and that is to say; it has no hub and an infinite number of blades offering no resistance drag to the passage of air. Moreover, the conditions over the whole area swept by the wind rotor are supposed to be uniform and the speed of the air through and beyond the rotor is assumed to be axial. The power of the moving air through the wind rotor can be expressed as [2]:
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Ar represents the swept area by the motor rotor and it will be set in this investigation to   

Ar=( r2. r represents the radius of the rotor.   

(: density of the air which may be taken at normal temperature and pressure as equals to 

1.25 kg/m3
Vw: is the wind speed in meter/second  (m/s).

The moving air power (Po) can be converted partially to a mechanical power. The  mechanical power that can be extracted from such moving air power can be expressed as [1]:
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Where Cp is a dimensionless performance power coefficient and its value is naturally always (  1. There is no radical theoretical basis that can lead to the development of a well defined analytical expression for the power coefficient Cp.  Investigators [2] dealing extensively with the subject of wind energy have proposed a handy formula or expression of the form:
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Where C1= 0.5 , C2= 116/(i, C3=0.4, C4=0.,C5=5,  C6=21/(i, x= 1.5.
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(w: angular velocity of the wind motor (rad/sec)

Vw: wind speed (m/s)

r: radius of the rotor of the wind motor (m)

p: pitch angle between the blade element with respect to the plane of rotation. Such an angle is fixed in this investigation and is set to be equal to (/180 radian.  

(: is known as the tip speed ratio.

Examining equation 2, one can deduce that for each possible wind speed, the extracted wind power (Pw) can be maximized when the power coefficient Cp is maximized. The power coefficient Cp attains its maximum when the condition dCp/d( = 0 is satisfied.  Such condition is reached and can be checked when the tip speed ratio ( is equal to 7.975340822.  The corresponding value of the coefficient Cp at such tip speed ratio is Cp,max = 0.413814988. 
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Thus, for the sake of extracting maximum wind power (Pw,max) at a certain wind speed (Vw), the wind motor speed has to be controlled and made rotating at the following angular velocity:
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The maximum extracted wind power is of the form:

The last expression (equation 6) is plotted in figure 1 at different wind speeds. Such figure is quite informative. It helps in designing the control circuitry needed to meet the pre-required wind motor angular velocity (equation 5). In other words, any proposed control circuitry should guarantee the system operation near the pattern of figure 1 and should be self-adapting at any possible wind speed.
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Fig. 1. Maximum wind motor output power (Pw,max).

B- Separately excited DC generator

[image: image20.wmf](

)

3

2

1

L

M

n

B

B

B

X

V

b

+

+

p

=

[image: image21.wmf])

6

B

(

-

One possibility of converting the extracted wind motor energy to an electric energy is to use a separately excited DC generator. This is done through the connection of the wind motor with a generator feeding a  resistive load as shown in figure 2(a). The generated armature voltage (Ea) is of the form:

Ka is the machine armature constant and  ( is the flux produced by the field circuit. 
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The armature current (Ia) can be expressed as:

Neglecting the system rotational losses, the input power to the generator, known as the electromagnetic power, can be written as:
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This power should be equated to the power extracted from the wind motor (Pw).  equation 9, three alternatives can be proposed to make input power to the generator equal to the maximum wind motor output power (Pw,max)  stated in equation (6).
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                                     (a)                                                                      (b)

Fig. 2. A separately excited DC generator feeding a variable load resistor.
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Alternative I: Adjusting dynamically the load resistance (RL). This adjustment is done by keeping in mind the satisfaction of the following target: 

The pattern of the required load resistance at different possible wind speeds takes the shape of figure 2(b). Note that the data required to duplicate the obtained results for figure 2(b) as well as for next computer simulations results are provided in Appendix A.

Examining the shape of figure 2(b), one can obviously deduce at lower speed the load should be of light nature (i.e. large value for RL) but at higher wind speed the load should of heavy nature (i. e small value for RL). 

Alternative II: Dynamic adjustment of load resistance seems to be theoretically a non-complicated task, but practically it is not feasible. It requires permanent and fast adjustment of the value of the load resistance (RL). Therefore, other means should be thought off. One of the means is to introduce some control schemes whose objective function is to match the input power to a DC generator feeding a fixed load resistor (RL) with the maximum power generated by the wind motor (Pw,max). This can be realized easily through the flexibility of power electronics circuitry. In this context, two schemes are proposed and analyzed. One scheme uses a chopper circuit. Its layout is shown in figure 3(a). Note that the existence of free-wheeling diode (FWD) in this particular chopper circuitry  (figure 3(a)) is redundant because the load is purely resistive. The control of the duty cycle of the switch SW will control the amount of the power delivered to the load. To estimate the value of the duty cycle at different possible wind speeds, the following steady state analysis is suggested.

The shape of the armature current (Ia) as well as the load current looks like the pattern shown in figure 3(b). The magnitude of the current IM is  IM= Ea/(Ra+RL). 
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From the viewpoint of the conservation of energy, one can write that:

                                                                 (a)                                                     (b)

Fig. 3. A separately excited DC generator feeding a fixed load resistor through a chopper circuit.
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Ia,rms represents the effective (i.e rms)  value of armature current. This effective value can be expressed  as:
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K in equation (12) denotes the duty cycle of the chopper switch. To extract the maximum power from the wind  motor, the circuit of figure 3(a) should be operated with a duty cycle obeying the form: 
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          (a)                                                                            (b)

Fig. 4. (a) Duty cycle behavior for the chopper circuit of Fig. 3(a).

        (b) Firing angle values for the controlled bridge rectifier of  Fig. 5(a).
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Figure 4(a) depicts the behavior of the duty cycle (values of K of at different wind speeds). There is a linear relationship between the duty cycle and the wind speed At large wind speed values, the switch SW is nearly always closed, whereas at lower wind speed values, the switch SW is most of the period open. 
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                                                (a)                                                                      (b)                      
Fig. 5. A separately excited DC generator feeding a fixed load resistor through a DC/DC converter.

The other scheme that can be used to match  the DC generator input power with the maximum wind motor power (Pw,max) while keeping the load resistor RL fixed is shown in figure 5(a). 
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It is a DC to DC converter. It consists of an inverter operating at a constant frequency and a controlled bridge rectifier. The semi-conductor valves of the rectifier are gated at a certain preset firing angle. The values of preset firing angle depend on the
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wind speed. The shape of the armature current (Ia) as well as the load current looks like the curve shown in figure 5(b).  The magnitude of the current IM is  IM= Ea/(Ra+RL). Similarly, as it was done in the analysis of the chopper circuit, one can write: 
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Using the two last equations, the required firing angle expression is derived.

Figure 4(b) depicts the pattern of the firing angle. Once again, there is a linear relationship between the firing angle value and the wind speed.

Two remarks can be raised for the two alternatives. 1) Since the flux is considered to be constant in the two alternatives, then there will be no worries about the saturation of the DC generator. 2) Without any doubt that the operation of the DC/DC converter scheme is more complicated than the one of the chopper scheme. The DC/DC converter is brought here simply as a control alternative. Furthermore, the DC/DC converter may reduce the electric losses in the DC generator if one can think of introducing a  step-down transformer between the inveter and the controlled bridge rectifier. 
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Alternative III: A glance at equation (9), it can be revealed that there is a third control mean that can be suggested. This persists in the monitoring of the amount of the flux ( supplied by the field circuit. This is realizable through the adjustment of the field current (If). Figure 6(a) presents a circuit that can serve such adjustment.
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                                                       (a)                                                                 (b)

Fig. 6. A separately excited DC generator feeding a fixed load resistor with a controllable field current

The field current If should be kept within certain boundaries set by a preset reference value (IF,ref). This can be made easily possible through the use of a step-up converter configuration (shown in the field circuit part). That is, whenever the field current needs to be increased, the switch SW should be closed and therefore the diode will be reverse biased and whenever the field current needs to be decreased the switch SW should be opened and consequently the diode starts conduction. Figure 6(b) visualizes the pattern of the current (If) for two random wind speed values. Switch (SW)  on/off operations are controlled by Schmitt Trigger controller.  
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As to the preset reference current (If,ref) values, they are evaluated from steady state analysis as follows. Assuming that there is no saturation in the magnetic circuit,  the generated armature voltage can be expressed as: 
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The saturation is neglected in the previous expression. The validity of such assumption depends on how large and the type of core used in the DC generator.

 To extract maximum wind motor power at certain wind speed, the following condition should be satisfied: 
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Thus, the reference field current If,ref is:

The last expression is depicted in Fig. 7 for different wind speed values. Thus, by monitoring the current in the field circuit (figure 6(a)) and that is near certain pre-set reference current values set by equation (19), visualized in Fig. 7, one can guarantee the extraction of maximum power from the wind prime mover. 

Alternative III is more flexible and it is feasibly realizable when compared to alternatives I and II. The last statement is justified by the the fact that the design of the control circuit of the field current is less expensive  than the ones of alternatives I and II. However, it is worthful to admit that the field current control technique will encounter a slow response fact during transient conditions. The slow response fact is due to the large time constant of the motor field circuit.    
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Fig. 7. Field current control.

III- Self excited induction generator 

Induction machine is another mean that is used in the conversion of the wind energy to a useful electric energy. The self-excitation feature in induction machines was reported  long time ago [3]. The machine, operated here as an induction generator, is characterized by several features: ruggedness, less maintenance, less bulkiness, and relative cheapness when compared to the DC generator.  A shunt capacitor is needed for excitation purposes [4-5]. Figure 8(a) shows the position of the excitation capacitor as well as the electric resistive load.

The per-phase equivalent circuit of the induction generator is drafted in figure 8(b) [3]. 

Such an equivalent circuit is  referred to the stator side at  frequency fref.                    

a and b are dimensionless speed coefficients.  Such coefficients should always satisfy the condition a ( b because in the generating mode the machine speed is greater than the corresponding synchronous speed.
In order to maximize the energy extracted from the wind motor, two alternatives are investigated.
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(a)

                                                                                       (b) 

Fig. 8. A self excited induction generator a) Set-up connection, b) The induction machine per-phase equivalent circuit.

I.   Varying the load resistance (RL) or the excitation capacitor (C): This technique consists of either varying the load resistor while fixing the excitation capacitor or varying the excitation capacitor while the load resistor is held fixed. 
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In order to develop all necessary equations accompanying the equivalent circuit of figure 8(b), the load resistor  and the excitation capacitor branches are reduced to a single impedance branch. That is,

and
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The impedance Zlt is in series with the stator impedance. Hence, one can defines the impedance 
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The inverse of this impedance defines an admittance containing the conductance (GS) and the susceptance (BS)

At the rotor side, starting from the definition of the impedance 
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An admittance can also be defined 
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Using the principle of conservation of energy, the rotor real power can be equated with the stator real power. That is to state,
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This power should be set to the maximum power extracted from the wind motor. Hence at this stage, two nonlinear equations are found :
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The magnetizing voltage (E() is expressed by a linear relationship with respect to the magnetizing reactance (XM). Such relation is taken from reference [6]. 

Note in the previous expression (i.e expression (28)), the saturation of the induction machine core is been taken into consideration.

At a pre-known wind speed where the maximum extracted wind power is also known, there are three unknowns in equations (26) and (27). These unknowns are the speed coefficient a, the load resistor RL  when C is fixed or the excitation capacitor C  when RL is fixed , and the magnetizing reactance XM. Therefore, there is a need to a third equation to find the three unknowns. Such equation is found from the principle of conservation of the reactive power in the system. In other words, one can write:
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The simultaneous solution of equations (26), (27), and (29) determines the values of the unknowns at the different possible wind speeds.  Figure 9(a) represents the load
 resistance behaviour when the excitation capacitor is set to 350 (F.  Figure 9(b) represents the required excitation capacitor when assuming a 10 ( fixed load resistor.

Quite interesting results are depicted in both figures. Both graphs show certain minimums at two different wind speeds. The encountered behavior in both graphs might be explained by the statement that as wind speed  increases ((W ), the load resistor RL should also increase and that is to match the increase in the inductive reactances of the induction generator.

Large capacitor values are needed at low wind speeds as shown in Fig. 9(b) and that is quite logic because at low speeds the capacitor should be large enough to guarantee the machine excitation. Again, the excitation capacitor shows a minimum at a certain wind speed.  
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Fig. 9. Results of self-excited induction generator: (a) Load resistor when excitation capacitor is held constant. (b) Excitation capacitor when load resistor is kept constant.

II. Use of  Static var compensator (SVC) configuration: The main concluding remark from the previous alternative (Alternative I), is that for the sake of extracting maximum power from the wind motor subjected to different possible wind speeds is to use one of the following methods: 
i. install a variable load resistor while the excitation capacitor is kept constant 

ii. install a variable excitation capacitor while the load resistor is held fixed  
iii. install a variable load resistor and in the same time a variable capacitor. 
Unfortunately, in practice these suggestions can not be done rapidly and moreover they can not occur on a permanent nature. Therefore, automatic and fast techniques should be proposed. One of the techniques is to use a variable inductor while keeping the load resistor and the excitation capacitor fixed. This is similar to the installation of a static var compensator as shown in figure 10(a). The capacitor serves the provision of reactive power to the machine while the reactor controls the amount of the needed reactive power. Such control is conditioned by the on/off operations of  back to back thyristors. 

Before performing the analysis of the system of Fig. 10(a), note that reference [7] discusses also a similar attempt in which an SVC configuration is used. The difference between the investigation [7] and the present investigation is that the SVC is modeled here by a number of current sources connected in shunt as shown in Fig. 10(b).

The current sources are odd harmonics. Their magnitudes are assessed as:
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The phase angle of each current source is 900 lagging behind the load voltage v. 
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The derivation of the previous magnitudes is shown in Appendix B.  
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 Fig. 10.  a) An induction generator  excited by a static var compensator.

                b) The per-phase equivalent circuit of the induction generator and the SVC. 

Having modeled the SVC branch, the principle of conservation of real and reactive powers might be used to predict the performance of the induction generator while keeping in mind the objective function: extract the maximum possible wind power Pw,max at each possible wind speed. 

The performance consists of finding the SVC firing angle (, the magnetizing branch XM, and the coefficient a. Hence, three equations needs to be laid-out. 
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Examining Fig. 10(b), the input mechanical power to the generator at the rotor side is of the form:
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This power should be consumed by the load resistor RL and the stator resistance RS. Therefore, the second equation is:

The stator current can be written as:
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The rms expression of the stator  current, needed in equation (33) is: 

[image: image109.wmf]Induc.

Generator

Excitation

Capacitor

Resistive

Load

R

L

X

C

ref

w

b

w

w

=

R

L

R

L

X

C

X

C


[image: image110.wmf]w

f

L

a

max

,

w

ref

,

F

K

)

R

R

(

P

I

w

+

=


[image: image111.wmf](

)

L

a

2

w

ref

,

f

f

max

,

w

R

R

I

K

P

+

w

=

Where 

The voltage V can also be expressed in function of the voltage E(. 
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Where 

The third equation is found by considering the principle of conservation of the reactive energy. This can be seen by transforming the circuit of figure 10(b) to an admittance diagram shown in Fig. 11. 
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Fig. 11. Per-phase admittance diagram of the induction generator.
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The expression for the conductance GG and the susceptance BG can be found from the inverse of an impedance made of the stator impedance Zs in series with the parallel combination of the impedances ZM and ZR. That is,
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In the circuit diagram of Fig. 11, only the fundamental component of the SVC current is shown and this is justified by the fact that the load voltage v is a pure sinusoidal voltage and consequently there are no trace to the reactive energy attached with the harmonic currents. 
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To this end, the following condition should hold:

I1 represents the rms value of the fundamental current source. Its expression can be drawn from equation (30). Hence, expression (35) can be re-written as:

[image: image122.wmf])

14

(

[image: image123.wmf]Time

Armature Current

I

M

a

p

p

a

+

p

2

0

[image: image124.wmf]L

a

a

M

M

off

on

on

rms

,

a

R

R

E

K

I

k

I

t

t

t

I

+

=

=

+

=

Or simply

Defining all the known system parameters, provided in the table of Appendix A, the non-linear equations (32), (33), and (36) can be solved simultaneously using Newton-Raphson algorithm.

Figure 12(a) visualizes the behavior of the SVC firing angle whereas Fig. 12(b) depicts the level of the coefficients a and b.

Examining Fig. 12(a), it is quite obvious to expect large firing angle values at low wind speed and that to allow the capacitor to be the dominant reactive element in providing the required reactive energy needed for machine excitation. The interesting thing again is that firing angle shows a minimum point at a certain wind speed. Figure 12(b) is shown for the sake of making sure that the machine is working in the generating mode (i.e coefficient b is always greater than coefficient (a).  
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                                    (a)                                                                    (b)

Fig. 12. Results of self-excited induction generator when using the SVC module .        

(a) Firing angle, (b) levels of coefficients a & b; (b) is the top curve, (a) is the bottom curve. 

3. Conclusion

Extraction of optimal energy from a wind energy system has been investigated in this paper. The optimum feature has been tackled through the installation of  two set-ups. One set-up consists of  installing a separately excited DC generator feeding a resistive load. The optimization is made possible through the proposition of four techniques: (I) use of a variable load resistance, (II) use of a chopper circuit in the machine armature circuit, (III) use of a controlled DC/DC converter between the armature and the resistive load, and (IV) control of the field circuit using a step-up converter. The last technique requires a Schmitt trigger circuit to monitor the on/off duty of a semi-conductor valve. Even though, this technique is characterized by a slow response during transient conditions,  it is recommended for safe implementation ( i. e. its control circuit is less expensive when compared to other techniques discussed in the paper).  

The second set-up is to install a self excited induction generator feeding a controllable load. The load control was done according to three suggested techniques: I- use of a variable load resistance, II- use of variable excitation capacitor, and III- use of a controllable  static var compensator (SVC) module. Quite interesting results were encountered with previous techniques. 

Finally, the author admits that several assumptions/remarks have been made in the present investigation.  Among the important assumptions/remarks made, one can state: 

· the saturation effect in the DC generator case has been neglected. 

· the end line load of the investigated system is a pure resistance. A pure resistive load is  not  usually a  pratical load in wind energy systems. Storage electric battery is commonly used load.

· the efficiency  of the overall system and pricesely the ratio of the end line load power to the wind input power was not of primary concern.  

Previous assumptions or remarks should be relaxed and reconsidered in future investiagtions.  
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Appendices

  A:  System Data

	Wind Motor

	Rotor radius: r = 0.4m
	Air density ( = 1.25 kg/m3

	Separately Excited DC Generator

	Armature resistance Ra= 0.02(
	Product Ka(= 0.5  Webers

	Load resistance value when using the chopper (figure 3(a)) or the DC/DC Converter (figure 5(a)) RL= 12.0826 (

	Value of the field current constant Kf  (equations 17-19) = 1/3

	Self Excited Induction Generator

	  Reference frequency  FRef=50 Hz

	Stator resistance RS= 0.47(
	Rotor resistance RR= 0.47(

	Stator leakage reactance at reference frequency  XS= 0.86(
	Rotor leakage reactance at reference frequency XR= 0.86(

	Magnetizing Voltage (E() Constant Values 

A = 5.4923077       &         B = 1.9588301 

	Excitation capacitor calue C = 350 (F when the load resistor (RL) is variable

	Load resistor value RL = 10(  when the excitation capacitor (XC) is variable

	SVC Inductance Value L= 5 mh  

	Load resistance value RL = 10(  when using SVC module

	Excitation capacitor Value C = 350 (F when using SVC module


B:  Development of SVC Model
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he reactor branch of figure 10(a) is  re-produced in Fig. B(a). This is needed for analysis purposes. Assuming that the voltage across the concerned branch is pure sinusoidal, one can predict the waveshape of the current through the inductor for a certain firing ((). Figure B(b)  visualizes both branch voltage and current. The SVC voltage and current expressions are: 
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Fig. B: a) SVC Module  (b) Voltage across and current through the SVC module [image: image149.wmf]w
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Since the current i is discontinuous but periodic, it can be therefore represented by its harmonic components. 
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After certain mathematical manipulations, the following results can be checked:
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 For n=3,5,7,9,etc….
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Examining figure B(b), one can easily note that there is relation between the firing angle ( and the conduction angle ( of the form:
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Using the last relation in equations B-4, B-5, and B-6, the next simplified expressions are found 

 For any n 
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The phase angle of the coefficients bn is -(/2 radian.

In summary, the reactor branch of the SVC can be modeled by current sources as shown in Fig. 10(b). Such current sources are odd harmonics. Their magnitudes can be assessed from expressions B-7  and B-8 and they are lagging the load voltage v by 900 phase angle. 
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ملخص  البحث. تقدم هذه الورقة عدة طرق تحكمية يمكن استخدامها في عملية استهلاك طاقة الرياح. تهدف عملية الاستهلاك هذه  إلى الحصول على الحد الأقصى من قدرة الرياح وتحويلها إلى قدرة كهربائية. إن النظام المدروس في هذه الورقة يشتمل على نموذج محرك هوائي ومولد كهربائي. والمولد الكهربائي يمكن له أن يكون مولدًا كهربائيًا ذا تيار ثابت أو مولدًا كهربائيًا ذا تيار متناوب وذا حث ذاتي. يغذي كل من المولدين حملا متكون من مقاومة كهربائية خالصة.

ولمعرفة مدى أداء الطرق التحكمية المستخدمة, حللت الحالة الاستقرارية لكل طريقة أولا ثم اختبر أداءها ثانيا وذلك باستخدام محاكات حاسوبية. بعض نتائج المحاكات الحاسوبية  مهمة وتستوجب الانتباه لاسيما في حالة استخدام المولد الكهربائي ذي الحث الذاتي.
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