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Abstract 

In this work we have presented extremum seeking (ES) control 

for maximum power extraction in variable speed fixed pitch 

(VSFP) grid connected wind power plant. For modeling of 

wind power plant we have considered squirrel cage induction 

generator (SCIG) as wind generator (WG) and matrix 

converter (MC) as power electronic interface between WG and 

grid. Matrix converter facilitates the mechanism of ES scheme. 

Unlike other MPPT techniques, ES is a non model based 

MPPT algorithm. In this paper sinusoidal signal has been used 

as a search disturbance signal. The performance of the ES 

algorithm has been checked for different wind velocities. In 

the latter section of this paper, we have designed a non-linear 

controller based on to prevent the magnetic saturation of 

induction generator. Also we made a comparison between the 

results obtained with and without the non-linear controller. 

 

Keywords: Wind generator, Extremum seeking, MPPT, 

stability, SCIG, Controller 

 

INTRODUCTION  

In last few decades due to environmental issues, researchers 

are more inclined towards the non conventional and clean 

ways of energy production. Of various non conventional 

energy resources, the wind energy is considered to be most 

promising source of energy because of its abundance 

cleanliness, free availability and technical maturity [1-4]. The 

popular structures in wind power plant include squirrel cage 

induction generator (SCIG) based wind power plant, doubly 

fed induction generator (DFIG) based wind power plant and 

permanent magnet synchronous generator (PMSG) based wind 

power plant [5-7]. All these systems offer good efficiency, 

lesser aerodynamic load and easy regulation of active and 

reactive powers. The SCIG provides flexibility under varying 

wind speed due to its asynchronous operation, so here in this 

work we have used SCIG. SCIG also offers economy, 

simplicity and robustness in structure against disturbance and 

vibration. 

To extract maximum power from a wind power plant at 

varying wind speeds, an MPPT design is required which alters 

the shaft speed of turbine using varying wind speed method , 

which intern will alter the power output, since the power 

output is proportional to the turbine angular velocity. This 

change in shaft speed is done through a power electronic 

interface between WG and grid, for which we have to control 

the switching of power electronic converter. Here in this paper 

we have used matrix (ac-dc-ac) converter instead of 

conventional rectifier inverter pair. The advantage of using 

matrix converter is that it allows flow of power in both the 

directions and input power factor is also controllable. In 

addition it has no energy storage components [8-9]. By 

switching of matrix converter, we alter the stator electrical 

frequency, which leads to the change in turbine shaft speed 

and drives SCIG to its maximum power point (MPP). The 

techniques available until now, which include perturb and 

observe (P & O) methods, fuzzy and neural network based 

techniques, are highly model dependent. The main 

disadvantage of model based optimization techniques is that 

every time we use a new model, new controller has to be 

designed for MPPT, which is a tedious task [10]. In this work 

extremum seeking scheme has been used, which is a model 

independent algorithm. Also it offers easy tenability, design 

simplicity and performance stoutness [3, 7, 15]. 

 

WIND POWER PLANT 

A general block diagram of wind power plant contains wind 

turbine, WG, power electronic interface to achieve MPPT at 

varying wind speeds and load. Here in this paper, we are using 

matrix converter as power electronic interface and our wind 

generator is SCIG. Since we are modeling grid connected 

wind power plant, we have utility grid in place of load. In 

order to know the dynamics of wind turbine, we also need to 

model the wind turbine aerodynamics. The block diagram 

considered in this paper is shown in Figure.1. 

The power captured by the VSWT is expressed in terms power 

coefficient𝐶𝑃, which is a dimensionless quantity.  
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Figure 1. Block diagram of Wind power plant model under study.

  

𝐶𝑃 is a measure of the ratio of the rotor power to the wind 

power as indicated by (1): 

 

   𝑃𝑇 =
1

2
𝜌𝐴𝑟𝐶𝑃(𝜆, 𝛽)𝑉𝜔

3                           (1) 

 

Maximum torque extracted from the turbine rotor can be 

given as 

 

𝑇𝑇 =
1

2𝜔𝑡
𝜌𝐴𝑟𝐶𝑃(𝜆, 𝛽)𝑉𝜔

3                                                 (2) 

Where TSR (tip speed ratio) is defined as 

 

𝜆 =
𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝 𝑠𝑝𝑒𝑒𝑑

𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑

=
𝜔𝑡 ×  𝑅

𝑉𝜔

                                                           

 

𝑉𝜔 = speed of wind in m/s 

A = swept area of wind turbine blade  

𝜔𝑡 = turbine angular speed. 

λ = TSR and β =  Pitch angle of rotor blade 

 

Cp is related to λ, and β.  Here, we have considered Cp 
curve to be [2]: 

 

𝐶𝑝 = 0.73 
151

𝑉𝑤

𝑅𝜔𝑡
− 13.635

exp (
Vw

Rωt
− 0.003)

                                     (3)  

 

From figure.2, it is clear that Cp remains at the same 

level, if the turbine speed is varied with each change in 

wind speed. 

 
Figure.3 shows the change in turbine power with each 

change in angular velocity for different wind speeds. 

 

Figure.4. shows that if we join the points of at which the 

turbine power is maximum, a curve of third-order defining 

the maximum power attained by the wind turbine is 

obtained. 

 

 
Figure 2. Power coefficient vs. turbine speed curve. 

 

 
Figure 3. Turbine power vs. turbine speed curve. 

 

 
Figure 4. Turbine speed vs. wind speed curve. 
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The overall model for wind energy conversion system may 

be given by following eight nonlinear equations, which 

includes the state-equation of the mechanical shaft, 

electrical generator, and the matrix converter [11-14].  

 
𝑑

𝑑𝑡
𝑖𝛼 = −𝑎0𝑖𝛼 + 𝑎1𝜆𝛼 + 𝑎2𝜔𝑟𝜆𝛽 +

cos 𝜃0

𝜎𝐿𝑠
𝑉0𝑚                  (4) 

𝑑

𝑑𝑡
𝑖𝛽 = −𝑎0𝑖𝛽 + 𝑎1𝜆𝛽 + 𝑎1𝜔𝑟𝜆𝛼 +

sin 𝜃0

𝜎𝐿𝑠
𝑉0𝑚                    (5) 

𝑑

𝑑𝑡
𝜆𝛼 = 𝑎3𝑖𝛼 − 𝑎4𝜆𝛼 − 𝜔𝑟𝜆𝛽                                             (6) 

𝑑

𝑑𝑡
𝜆𝛽 = 𝑎3𝑖𝛽 − 𝑎4𝜆𝛽 + 𝜔𝑟𝜆𝛼                                             (7) 

𝑑

𝑑𝑡
𝜃0 = 𝜔0                                                                          (8) 

𝑑

𝑑𝑡
𝜔𝑟 =

3𝑝2𝐿𝑚

2𝐿𝑟𝐽
(𝑖𝛽𝜆𝛼 − 𝑖𝛼𝜆𝛽) −

𝑝𝐾𝑠

𝑛𝐽
�̃� −

𝑝𝐵

𝑛𝐽
(𝜔𝑡 −

𝜔𝑟

𝑝𝑛
)       (9) 

𝑑

𝑑𝑡
�̃� = 𝜔𝑡 −

𝜔𝑟

𝑝𝑛
                                                                  (10) 

𝑑

𝑑𝑡
𝜔𝑡 = −

𝑃𝑡(𝑉𝑤,𝜔𝑡)

𝐽𝑡𝜔𝑡
−

𝐾𝑠

𝐽𝑡
�̃� −

𝐵

𝐽𝑡
(𝜔𝑡 −

𝜔𝑟

𝑝𝑛
)                        (11) 

 

EXTREMUM SEEKING FOR MAXIMUM POWER 

EXTRACTION IN WIND POWER PLANT 

A typical power curve of a WECS as shown in Figure.5 can 

be divided into four major regions. The first region contains 

the velocities below which turbine is not able to generate 

any power due to insufficient wind. The second region 

contains the wind velocities from where the generation starts 

to the velocity up till which the power linearly increases 

with increase in wind velocity. This region is known as sub-

rated power region. This is the region where MPPT schemes 

are applied to capture maximum power; hence power output 

is limited by wind turbine. The fourth region contains the 

velocities of wind which are much stronger and may cause 

damage to wind turbine, hence in this region, the turbine is 

shut down [18]. 

 

 

Figure 5. Wind speed vs. power curve showing four 

operating regions [18]. 

Now we present the extremum seeking technique for 

WECS, which is a real time optimization techniques and 

unlike conventional MPPT algorithms it does not require 

system modeling and identification.  For simulation purpose 

the models of Cp and turbine power are given eq. (3) and 

(4). Here it is assumed that we can measure & manipulate 

turbine power through MC. As, the turbine power map has 

one MPP under any wind speed, we make the following 

assumption 

For 𝑉𝑐𝑢𝑡 𝑖𝑛 < 𝑉𝑤 < 𝑉𝑟𝑎𝑡𝑒𝑑 (Figure.5). 

 

 
 

Figure 6. Extremum seeking scheme for extraction of 

maximum power in wind power plant (without inner loop). 

 
𝜕𝑃𝑡(𝑉𝑤,𝜔𝑡)

𝜕𝜔𝑡
(𝜔𝑡

∗) = 0                                                           (12) 

𝜕2𝑃𝑡(𝑉𝑤,𝜔𝑡)

𝜕2𝜔𝑡
(𝜔𝑡

∗) < 0                                                         (13) 

 

If, we carefully study the torque speed characteristics of an 

induction machine, it is observed that this curve is very 

sharp near the synchronous speed (stator electrical 

frequency), 𝜔0. At this point the rotor electrical speed 𝜔𝑟 

and synchronous speed 𝜔0 will be nearly equal. This 

indicates that if we change the stator electrical frequency, 

the electrical rotor speed will change, which intern will 

change the turbine speed 𝜔𝑡[19].Thus by varying 𝜔0through 

MC, we may change turbine speed 𝜔𝑡 to track MPPT. Our 

ES scheme works on the same line. 

 

CONTROL STRATEGY OF NON-LINEAR STATE 

FEEDBACK CONTROLLER 

In case of flux transient the dynamics of system are non 

linear and coupled. So we have used a non-linear controller 

based on field oriented control and feedback linearization to 
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prevent magnetic saturation of induction generator and 

improve the performance of the system [14]. 

 

Figure 7. Extremum seeking for MPPT in WECS with inner 

loop. 

 

𝑦1 = Ψ1(𝑥) = 𝑥9                                                        (14) 

𝑦2 = ℒ𝑓Ψ1(𝑥) = −𝑎9 (𝑥9 −
𝑥7

𝑝𝑛
) − 𝑎8𝑥8 −

𝑇𝑡

𝐽𝑡
               (15)                  

𝑦3 = ℒ𝑓
2Ψ1(𝑥) = 𝑏0𝜉𝑞 + 𝑏1ℒ𝑓Ψ1(𝑥) + 𝑏2𝑥8 + 𝑏3

𝑇𝑡

𝐽𝑡
 -   (16)  

𝑦4 = ℒ𝑓
3Ψ1(𝑥) = 𝑏4ℒ𝑓

2Ψ1(𝑥) + 𝑏5ℒ𝑓Ψ1(𝑥) + 𝑏6𝑥8 −

      
𝑏0

𝜎𝐿𝑠
𝑥6𝜆𝑞 − 𝑥7 (𝑏7Ψ2(𝑥) + 𝑏8ℒ𝑓Ψ2(𝑥)) +𝑏9

𝑇𝑡

𝐽𝑡
           (17) 

𝜂1 =  Ψ2(𝑥) = 𝑥3
2 + 𝑥4

2                                (18) 

𝜂2 = ℒ𝑓Ψ2(𝑥) = 2𝑎3𝜉𝑑 − 2𝑎4Ψ2(𝑥))                   (19) 

𝜂3 = ℒ𝑓
2Ψ2(𝑥) = 𝑏12Ψ2(𝑥) + 𝑏11ℒ𝑓Ψ2(𝑥) +

𝑏13𝑥7 (ℒ𝑓
2Ψ2(𝑥) − 𝑏1ℒ𝑓Ψ2(𝑥) − 𝑏2𝑥8 + 𝑏3

𝑇𝑡

𝐽𝑡
+  

𝑇�̇�

 𝐽𝑡
) +

2𝑎3
2𝑖𝑠 +

2𝑎3

𝜎𝐿𝑠
𝑥6                                                                    (20) 

∆= 𝑥8                      (21) 

φ = arctan (
x4

x3
)                                   (22) 

where 𝜉𝑑 = 𝑥1𝑥3 + 𝑥2𝑥4, 𝜉𝑞 = 𝑥2𝑥3 − 𝑥1𝑥4,𝑖𝑠 = 𝑖𝛼
2 + 𝑖𝛽

2 

and 

[
𝜆𝑑

𝜆𝑞
] = [

cos 𝑥5 sin 𝑥5

− sin 𝑥5 cos 𝑥5
] [

𝑥3

𝑥4
]                                (23) 

 

The inverse transformation of (14)-(22) 

[
𝑥1

𝑥2
] =

1

√𝜂1
[
cos 𝜑 − sin 𝜑
sin 𝜑 cos 𝜑

] [
Ψ𝑑

Ψ𝑞
]                            (24) 

𝑥3 = √𝜂1 cos 𝜑                   (25) 

𝑥4 = √𝜂1 sin 𝜑                   (26) 

𝑥5 = arctan (
Υβ

Υα
)                   (27) 

𝑥6 = √Υ𝛼
2 + Υ𝛽

2                                  (28) 

𝑥7 = 𝑝𝑛 (𝑦1 +
𝑦2

𝑎9
+

𝑎8

𝑎9
Δ +

𝑇𝑡

𝑎9𝐽𝑡
)                                 (29) 

𝑥8 = Δ                                                     (30) 

 𝑥9 = 𝑦1                                  (31) 

Ψ𝑑 =
𝜂2+2𝑎4𝜂1

2𝑎3
                                  (32) 

Ψ𝑞 =  
1

𝑏0
(𝑦3 − 𝑏1𝑦2 − 𝑏2Δ − 𝑏3

𝑇𝑡

𝐽𝑡
+ 

𝑇�̇�

 𝐽𝑡
)                 (33) 

With 

Φ𝑑
𝜎𝐿𝑠

2𝑎3
(𝜂3 + 2𝑎4𝜂2 − 2𝑎1𝑎3𝜂1 − 2𝑎3

2𝑖𝑠)                     (34) 

Φ𝑞 =
𝜎𝐿𝑠

𝑏0
(𝑦4 − 𝑏1𝑦3 +

𝑎8
2

𝑎9
2 𝑦2 +

𝑎8
2

𝑎9
2 ∆ + 𝑏0(𝑎0 + 𝑎4)Ψ𝑞 +

𝑏0𝑥7(Ψ𝑞 + 𝑎2𝜂1) +
𝑎8

2

𝑎9
2

𝑇𝑡

𝐽𝑡
− 𝑏3

𝑇𝑡

𝐽𝑡
+  

𝑇�̇�

 𝐽𝑡
)                    (35) 

Assigning a new variable for each differential, we obtain: 

�̇�1 = 𝑦2                      (36) 

�̇�2 = 𝑦3                      (37) 

�̇�3 = 𝑦4                                           (38) 

�̇�4 = 𝐺1 +
𝑏0𝜆𝑑

𝜎𝐿𝑠
𝑥6𝑢1 −

𝑏0𝜆𝑞

𝜎𝐿𝑠
𝑢2                                 (39) 

�̇�1 = 𝜂2                                   (40) 

�̇�2 = 𝜂3                                   (41) 

�̇�3 = 𝐺2 +
2𝑎3𝜆𝑞

𝜎𝐿𝑠
𝑥6𝑢1 −

2𝑎3𝜆𝑑

𝜎𝐿𝑠
𝑢2                  (42) 

With 

[
𝑖𝑑

𝑖𝑞
] = [

cos 𝑥5 sin 𝑥5

− sin 𝑥5 cos 𝑥5
] [

𝑥1

𝑥2
]                                   (43) 

Defining the signal as follows 

[
𝑥6𝑢1

𝑢2
] =

𝜎𝐿𝑠

√𝜂1
[
cos  (𝜑 − 𝜃0) − sin(𝜑 − 𝜃0)
sin( 𝜑 − 𝜃0) cos(𝜑 − 𝜃0)

] [

𝑣1−𝐺1

𝑏0

𝑣2−𝐺2

2𝑎3

]      (44) 

Assigning new set of variables again, we get: 

𝑧 = [𝑦1 − 𝜔𝑡
𝑟𝑒𝑓

, 𝑦2, 𝑦3 , 𝑦4]
𝑇
                                 (45) 

𝜁 = [𝜂1 − (|𝜆|𝑟𝑒𝑓)2, 𝜂2, 𝜂3]𝑇                                       (46) 
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We obtain 

�̇�1 = 𝑧2                                   (47) 

�̇�2 = 𝑧3                      (48) 

�̇�3 = 𝑧4                      (49) 

�̇�4 = 𝑣1                      (50) 

𝜁1̇ = 𝜁2                      (51) 

𝜁2̇ = 𝜁3                      (52) 

𝜁3̇ = 𝑣2                      (53) 

Δ̇ = −
𝑧2

𝑎9
−

𝑎8

𝑎9
Δ −

𝑇𝑡

𝑎9𝐽𝑡
                     (54) 

�̇� = 𝜔𝑟 +
𝑎3

𝑏0𝜂1
(𝑧3 − 𝑏1𝑧2 − 𝑏2∆−𝑏3

𝑇𝑡

𝐽𝑡
+  

𝑇�̇�

 𝐽𝑡
)            (55) 

Linear state feedback 

𝑣1 = −𝑘1
′ 𝑧1 − 𝑘2

′ 𝑧2 − 𝑘3
′ 𝑧3 − 𝑘4

′ 𝑧4                   (56) 

𝑣2 = −𝑘1
′′𝜁1 − 𝑘2

′′𝜁2 − 𝑘3
′′𝜁3                    (57) 

Where 𝑏0 =
𝑎5𝑎9

𝑝𝑛
, 𝒃𝟏 = 𝑎8 𝑎9⁄ + 𝑎7 𝑝𝑛⁄ − 𝑎9, 𝒃𝟐 =

𝑎8
2 𝑎9⁄ , 𝒃𝟑 = 𝑎8 𝑎9⁄ + 𝑎7 𝑝𝑛⁄ ,  

𝒃𝟒 = 𝑏1 − 𝑎0 − 𝑎4, 𝒃𝟓 = 𝑎0𝑏1 + 𝑎4𝑏1 − 𝑏2 𝑎9⁄ , 𝒃𝟔 =

𝑎0𝑏2 + 𝑎4𝑏2 − 𝑎8𝑏2 𝑎9⁄ , 𝒃𝟕 = 𝑎2𝑏0 + + 𝑎4𝑏0 𝑎3⁄ , 𝒃𝟖 =

𝑏0 2𝑎3⁄ , 𝒃𝟗 = 𝑎0𝑏3 + 𝑎4𝑏3 − 𝑏2 𝑎9⁄ , 𝒃𝟏𝟎 = 𝑏3 − 𝑎0 −

𝑎4,            𝒃𝟏𝟏 = 𝑎0+3𝑎4, 𝒃𝟏𝟐 = 2𝑎1𝑎3 − 2𝑎0𝑎4 − 2𝑎4
2 , 

𝒃𝟏𝟑 = 2𝑎3 𝑏0⁄  

 

SIMULATION RESULTS 

The proposed extremum seeking feedback scheme for 

MPPT in WECS has been evaluated by testing it for 

different disturbances i.e. variation of wind speeds in sub-

rated power region using MATLAB m-file. The results are 

presented below. To check the performance of inner loop we 

applied a wind velocity 0f 10 m/s for 30s and then changed 

it suddenly to 11 m/s. Figure.8. shows the responses of the 

proposed WECS incorporating the ES based control of 

SCIG with and without inner loop  control, for  sudden wind 

speed variation.  It is seen clear from Figure. 9 & 10 that 

without inner loop the power coefficient greatly varies with 

change in wind speed but with inner loop the variation of Cp 

with change in speed is very less, while with increase in 

wind speed the power level increases. 

 

 

Figure 8. MPPT without inner loop, (dotted green line), 

MPPT with inner loop, (dotted blue line) 

 

 
Figure 9. Power coefficient variation with inner loop 

control 

 

 

Figure 10. Power coefficient variation with inner loop 

control 

 

 

CONCLUSION 

We have presented extremum seeking feedback algorithm 

for maximum power extraction in wind power plant. ES 

scheme estimates the stator electrical frequency to steer the 

wind turbine to its maximum power point. We have 

checked the performance of this control system for sudden 
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wind variation and found that as soon as we change the 

wind velocity the ES scheme steers the wind turbine to its 

corresponding MPP. Further we have applied a non linear 

controller to the same system, which is based on field 

oriented control and feedback linearization. The non linear 

controller is used for the transient performance 

improvement of the proposed wind power plant. The 

advantageous feature of this work is that it is independent 

of the knowledge of wind speed, turbine or generator 

parameters. So, once we have designed the controller, it 

can be applied to any WECS model. We have also done the 

stability analysis of Es scheme for WECS and found that it 

successfully converges at MPP. 
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APPENDIX 

 

TABLE-I CONSTANT PARAMETERS 

 

𝒂𝟎 𝑎2𝑎3 +
𝑅𝑠

𝜎𝐿𝑠
, 

𝒂𝟏 𝑎2𝑎4 

𝒂𝟐 𝐿𝑚

𝜎𝐿𝑠𝐿𝑟

 

𝒂𝟑 𝐿𝑚𝑅𝑟

𝐿𝑟

 

𝒂𝟒 𝑅𝑟

𝐿𝑟

 

𝒂𝟓 3𝑝2𝐿𝑚/2𝐽𝐿𝑟  

𝒂𝟔 𝑝𝐾𝑠/𝐽𝑛 

𝒂𝟕 𝑝𝐵/𝐽𝑛 

𝒂𝟖 𝐾𝑠/𝐽𝑡 

𝒂𝟗 𝐵/𝐽𝑡 

 

 


