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ABSTRACT

This paper proposes an electrical active power optimization for self-excited in-
duction generator-wind turbine system (SEIG-WTS) using a perturb and ob-
serve (P&O)-based maximum power point tracking. The main advantage is the
optimization of the SEIG active power of SEIG-WTS and the simply practical
implementation with rotor speed sensor, current sensor and three phase inverter.
The active power optimization of SEIG-WTS is achieved by perturbing angu-
lar magnetic field speed with stator reference voltage. To test the effectiveness
of the proposal, numeric simulations were carried out under very challenging
conditions with wind speed profile in steps and actual wind speed profile. The
proposal reaches the maximum power in 7 seconds for hardest condition when
the system works at high rotor speed. The proposal is useful for the develop-
ment of maximum power point tracking control (MPPT) controllers due to its
simplicity in implementation.
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1. INTRODUCTION
Wind energy conversion systems (WECS) with self-excited induction generator (SEIG) are widely

used in stand-alone applications because SEIG is robust, low-maintenance, and low-cost. Unlike other
generators such as permanent-magnet and doubly-feed that are easy to control but they are high cost. The
SEIG with excitation capacitors has been widely documented as in [1] where a dynamical model of induction
generator used in wind energy systems is presented, in [2] the influence of iron losses on selecting the minimum
capacitance excitation is shown, the influence of residual magnetism in the SEIG are shown in [3], and control
with STATCOM is shown in [4], [5].

Another option is to use the self-excited induction generator-wind turbine system (SEIG-WTS) is
controlling the dc-link voltage or the maximum power point and produced electrical energy charges the
battery bank. Among the dc-link voltage controllers, the direct filed-oriented control [6]-[8] and the
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indirect filed-oriented control [9]-[11] for SEIG are widely employed. Due to the continuous wind speed
changes, to optimize the power extraction from a WECS requires the development of maximum power point
tracking (MPPT) control algorithms. Some of those MPPT algorithms discussed in the work [12] are applied.
These algorithms are classified into: i) indirect power control (IPC), ii) direct power control (DPC), iii) hybrid
MPPT algorithms, and iv) smart MPPT algorithms. An incremental conductance (INC) MPPT algorithm, using
the perturb and observe (P&O) method, where the perturbed variable is the DC-link voltage and the observed
variable is the DC-link power is presented in [13], it controls the DC-link voltage using an insulated gate bipo-
lar transistor that allows the voltage to be switched in an RC circuit. The power signal feedback (PSF) MPPT
algorithms presented in [14]-[17], use indirect methods to determine the maximum power point of the turbine,
either through experimental data tables, speed observers or speed sensors and various methods of control of the
angular rotor speed of the generator are used.

Despite the latest advances of MPPT for SEIG-WTS presented in [18]-[28] are PSF-type MPPT
algorithms, focusing on extracting the maximum power from the wind turbine, controlling the angular rotor
speed of the generator at the speed that the wind turbine captures maximum power, using previously stored
experimental data. However, the maximum power point of the SEIG-wind turbine system is not always the
maximum power point of the wind turbine as shown in [29]. Based on these findings, an global MPPT
algorithm for electrical active power optimization of the SEIG-WTS is presented in this paper. The key
benefits of the presented electrical active power optimization of the SEIG-WTS are the maximization of the
useful electrical power, low cost of the SEIG and simple implementation of the MPPT algorithm. Another
advantage of the proposal is that common self-excited induction motors can be used as generator. The idea
is based on power optimization using the SEIG-WTS global power curve, which is distinct from the separate
SEIG and wind turbine power curve. Unlike other approaches optimize the mechanical wind turbine power.

The method is explained in section 2, the complete MPPT algorithm is presented in section 2.2. In
section 3, detailed test results are presented. Finally, in section 4, the conclusions and future recommendation
are given.

2. METHOD
2.1. Self-excited in-duction generator-wind turbine system mathematical model

The SEIG-WTS dynamic mathematical model in stationary reference frame of the stator (a− b) in (1)
is obtained by joining the two-phase model of the SEIG with one pair of poles of [11] in stationary reference
frame (ab axis) and the wind turbine model of [30]. In the model, the wind turbine torque Ta is applied to the
generator rotor through a gearbox with the transmission ratio i.

i̇a = −γia + αβψa + βωψb + σ−1ua,

i̇b = −γib + αβψb − βωψa + σ−1ub,

ψ̇a = −αψa − ωψb + αLmia,

ψ̇b = −αψb + ωψa + αLmib,

Ps = −3

2
(uaia + ubib),

ω̇ = (
1

J
)(T − Tc), T = µ(ψaib − ψbia),

Tc = Tai, Ta =
1

2ωr
ρAV 3

r Cp,

Cp = C1(
C2

λi
− C3 − C4)e

−C5
λi + C6λ, λ =

ωrR

Vr
,

1

λi
=

1

λ+ 0.08β
− 0.035

β3 + 1
,

Pa = PwCp Pw = 0.5ρAV 3
r ,

(1)

where ω is the angular rotor speed, i = (ia, ib)
T is the stator current vector, u = (ua, ub)

T is the stator voltages
vector, Ψ = (Ψa,Ψb)

T is the rotor flux vector and Ps is the SEIG active power. In the wind turbine model, A
is swept area, R is the blade length, Cp is power coefficient, λ is the tip speed ratio, β is the blade pitch angle,
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Vr is the wind speed in the rotor plane, ρ is the air density, and C1, C2, C3, C4, C5, and C6 are the wind turbine
constant coefficients. The mechanical and electrical parameters of the generator are calculated with:

α =
R2

L2
, σ = L1(1−

Lm2

L1L2
), β =

Lm

σL2
, γ =

R1

σ
+ αLmβ, µ =

3Lm

2L2
(2)

where Lm is the magnetization inductance, R1, R2, L1, and L2 are the stator and rotor resistances and induc-
tances respectively.

2.2. Maximum power point tracking control algorithm
The SEIG active power is controlled by the angular magnetic field speed generated by the reference

voltage applied to the stator winding, and it is different for each value of rotor angular speed of the SEIG.
On the other hand, the SEIG-WTS maximum power point is different from the wind turbine maximum power
point. In the P&O optimization method, a system variable is perturbed that causes the observed variable is
incremented, this process is repeated until the observed variable begins to decrease, taking the last largest value
as the maximum. In the SEIG-WTS, the power used by the final user is the SEIG active power, for which the
MPPT algorithm is proposed using the SEIG active power as the observed variable and the angular magnetic
field speed as the perturbed variable. The two-phase reference voltage applied to the stator of the SEIG is
calculated with (3):

ua = uncos(ω0t),

ub = unsen(ω0t)
(3)

where un, ω0, and t are the voltage amplitude, stator magnetic field angular speed and time. And the SEIG
active power is calculated with (4):

Ps = −3

2
(uaia + ubib), (4)

where ua and ub are the stator voltage components, and ia and ib are the stator current components.
The proposed MPPT algorithm, represented in the flowchart of Figure 1 uses the variables: angu-

lar rotor speed of the current measurement (ω); angular rotor speed from the previous measurement (ωa);
increment that the angular rotor speed must vary to recalculate the new value of the maximum power point
(∆ω); increase in the angular magnetic field speed (∆ω0); current angular magnetic field speed (ω0);
previous angular magnetic field speed (ω0a); current active power (Ps); previous active power (Psa);
maximum active power (Pmax); component a of the stator reference voltage (ua); and component b of the
stator reference voltage (ub).

When the operation of the proposed MPPT algorithm starts, the SEIG-WTS rotor rotates at a certain
angular speed due to the effect of the wind at that instant, which is measured by the sensor, and if the change
of rotor angular speed between the previous ωa and the current ω measurement is greater than ∆ω, it starts
the search process for the optimal value of ω0 in which the system generates the maximum power. For this,
Ps, Psa, Pmax, and ω0a are initialized with zero; the measured rotor speed value ω is assigned to the magnetic
field speed value ω0 as the initial value; the value of ω0 is decreased by ∆ω0, with the new value of ω0 the
stator voltages values ua and ub are calculated; the new voltages values are applied to the stator through the
three-phase bridge using pulse width modulation; the stator currents ia and ib are measured and the active
power is calculated with (4). If the active power value Ps is greater than Pmax, the new value of Ps is saved as
the old value in Psa, the value of Ps is saved as new value of Pmax, ω0 is saved as the previous value ω0a and
the value of ω0 is again reduced by ∆ω. The operation is repeated until the new power value Ps is less than the
value of Pmax. This condition means that the active power Ps begins to decrease, then ω0a is resumed as the
point of maximum power and is maintained until there is a change in angular rotor speed greater than ∆ω.

The control system hardware to implement the proposed MPPT is comprised by: rotor angular speed
sensor (rotary encoder), two stator current sensors (hall effect sensors), three phase inverter and digital signal
controller (DSC) as shown in the control system structure of the SEIG-WTS in the Figure 2. The MPPT
software runs on the DSC, which reads the angular rotor speed from the angular speed sensor, assigns the
initial value of the angular magnetic field speed, calculates the instantaneous value of the three phase voltages
and generates the PWM to control the inverter to apply the reference voltage to the SEIG, then read the currents
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of two phases and the current of the third phase is calculated, and with the calculated voltage value the active
power of the SEIG is calculated, if it is not the maximum power it reduces the angular magnetic field speed and
repeat the process until reaching the maximum power.

Figure 1. Proposed MPPT algorithm flowchart

Figure 2. Control system structure of the SEIG-WTS with proposed MPPT

3. SIMULATION RESULTS AND DISCUSSION
The proposed MPPT algorithm is tested in a computational SEIG-WTS model using the mathematical

model of (1), developed on Visual C++ applying the Euler numerical method to solve differential equations
and the MPPT was implemented based on the algorithm of the Figure 1. The base test system is comprised by:
three-phase SEIG and wind turbine. The SEIG-WTS parameters are presented in Table 1.
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Table 1. SEIG-WTS parameters
Parameter Value Unit
Rated phase-voltage, rms 160 V
Rated phase-current, rms 5 A
Rated frequency 16 Hz
Number of poles 2 Poles
Stator resistance 5.3 Ω

Rotor resistance 3.3 Ω

Stator inductance 0.365 H
Rotor inductance 0.375 H
Magnetizing inductance 0.345 H
Rotor moment of inertia 0.0075 kg.m2

Air density 0.9 kg/m3

Swept area 10 m2

Blade pitch angle 0 ◦

Tip speed ratio 15
Blade length 0.8 m
Transmission ratio 4

The test results of the wind turbine computational model at wind speeds of 2, 4, 6, and 8 m/s are
shown in Figure 3(a) the mechanical power and in Figure 3(b) the wind turbine torque. The mechanical power
and rotor torque curves correspond to a wind turbine that have a maximum value for each wind speed value at
a specific value of angular rotor speed. The tests of the WTS-SEIG system were carried out with three types of
wind speed profiles: The first, with a constant wind speed profile; the second, applying a wind speed profile in
steps and the last, with actual wind speed profile.

(a)

(b)

Figure 3. Wind turbine test results at 2, 4, 6, and 8 m/s wind speed; (a) wind turbine power and (b) wind
turbine torque

The first test was carried out with a constant wind speed profile of 6 m/s as shown in Figure 4(a) for 1
s. The wind applied to the wind turbine generates a torque on the axis of the system that raises the rotor speed
to approximately 130 rad/s in 0.3 s as shown in the Figure 4(b), then the MPPT algorithm starts the operation,
calculating the field speed shown in Figure 4(b) and generates the stator reference voltage presented in the
Figure 5(a), this reference voltage generates stator currents in the Figure 5(b) and the active power in Figure 6.
The proposed MPPT algorithm reduces the field speed every 0.2 s, increasing the active power until reaching
the maximum. As shown in Figure 4(b), the field speed is reduced by 0.4 s, 0.6 s, and 0.8 s by increasing the
active power shown in Figure 6.
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(a)

(b)

Figure 4. Wind turbine test results at 6 m/s wind speed; (a) wwind speed and (b) rotor and field speed

(a)

(b)

Figure 5. Wind turbine test results 6 m/s wind speed; (a) stator voltages and (b) stator currents

Figure 6. SEIG-WTS test result at 6 m/s wind speed

The second test was carried out with a wind speed profile in steps shown in Figure 7(a) with wind
speeds of 4, 6, 8, 10, and 7 m/s. Figure 7(b) shows the torque generated by the wind turbine in the rotor of the
system for each value of wind speed. This torque increases the rotor speed until the MPPT algorithm generates
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the field speed shown in Figure 7(c) which is continuously reduced to reach the maximum power point as
shown in Figure 7(d).

Figure 7(c) shows that at times 10, 20, 30, and 40 s, as the wind speed changes, the MPPT algorithm
applies a field speed of 0 rad/s for 0.1 s, and the rotor speed of the system is increased by the effect of the
wind turbine torque. Afterwards, the reduction of the field speed begins from an initial value close to the rotor
speed until the point of maximum active power is reached and the rotor speed is reduced to the optimal value.
Figure 7(d) shows the active power where it reaches the maximum value in the interval of 20 to 30 s at a wind
speed of 8 m/s and the rotor speed is close to the nominal angular speed, for high and low wind speeds, the
active power is lower. The maximum time to reach the maximum power point is 8 s, as can be seen in the range
of 20 to 30 s.

(a)

(b)

(c)

(d)

Figure 7. MPPT test results in the SEIG-WTS with a wind speed profile in steps; (a) wind speed profile,
(b) generator torque, (c) rotor and magnetic field speed, and (d) generator active power

Finally, the proposed MPPT algorithm was tested with actual wind speed profile, which was measured
from a wind farm [30] as shown in Figure 8 for 28,000 seconds. As shown in the Figure 8, the actual wind
speed data is between 2.5 m/s to 17.5 m/s. The actual wind speed changes with an upward or downward trend
as shown at the bottom of the Figure 8, where the 200-second data is presented starting from the 9,000th second
of the total data set. The MPPT tests were performed for intervals of 10 and 50 seconds starting at the 15,000th
second.

The proposed MPPT algorithm was tested with actual wind speed profile, where the wind speed
changes continuously between 8.75 and 12.25 m/s for 10 seconds as shown in Figure 9(a). The results of
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the MPPT operation test, which perturbs the magnetic angular field speed as shown in Figure 9(b), until reach-
ing the maximum active power point as shown in Figure 9(c). The MPPT algorithm starts searching for the
maximum power point when it detects a change in the rotor angular speed greater than ∆ω. First, release
the rotor by applying a field speed zero value for 2 seconds so that the rotor reaches the maximum no-load
speed, and then start with a field speed value close to the angular speed of the rotor and reduce by ∆ω0, until
reaching the maximum power point as presented in Figure 9(b). Rotor angular speed changes greater than ∆ω
are approximately at times 0.9, 2.5 and 5.8 seconds as shown in Figure 9(b), where it is shown that when the
angular velocity of the field changes, the angular velocity of the rotor begins a transient process as does the
active power shown in Figure 9(c). The operation result of the proposed MPPT algorithm with the actual wind
speed profile shown in Figure 9(a) is the generated active power curve shown in Figure 9(c) with an average of
0.75 kW.

Figure 8. Actual wind profile used to test the proposed MPPT [30]

(a)

(b)

(c)

Figure 9. MPPT test results on the SEIG-WTS with a actual wind speed profile for 10 seconds; (a) actual wind
speed profile, (b) rotor and magnetic field speed, and (c) generator active power
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Finally, the MPPT algorithm was tested with actual wind speed profile for 50 seconds shown in
Figure 10(a), which varies between 6.5 to 12.25 m/s. In Figure 10(b) the angular magnetic field speed generated
by the MPPT algorithm and the angular rotor speed are shown and in Figure 10(c) the generated active power
is shown with an average of 0.82 kW. The optimization proposals of the SEIG-wind turbine system optimize
the wind turbine power, which as shown in Figure 3, for each wind speed, the maximum power point of the
wind turbine corresponds to an angular rotor speed. Basically, the angular rotor speed that corresponds to the
maximun power point of the wind turbine is determined and the SEIG is controlled so that the rotor operates
at this speed. Since complex sensors are required to measure the wind turbine power, some proposals develop
torque observers [14], performing the indirect power calculation [16]. In this work, the proposal optimizes the
SEIG active power that is calculated with the stator voltages (are calculated for de MPPT algoritm) and stator
currents that are measured with simple hall effect sensors and the angular magnetic field speed of the SEIG is
perturbed.

(a)

(b)

(c)

Figure 10. MPPT test results on the SEIG-WTS with a actual wind speed profile for 50 seconds; (a) actual
wind speed profile, (b) rotor and magnetic field speed, and (c) generator active power

On the other hand, the rotor angular speed required for the generator to operate at the maximum power
point is not calculated since the perturbation of the angular magnetic field speed, indirectly controls the angular
rotor speed of the system. The SEIG generates more electric energy when it operates at the rated rotor speed
and is reduced when it operates at high or low rotor speeds [31], which is confirmed in the power curve of
the Figure 9(c), where up to 2.5 seconds operates at an approximate rotor speed of 140 rad/s and the average
active power generated is 500 W, up to 5.8 seconds operates at an approximate rotor speed of 128 rad/s with an
average active power generated of 800 W and then it operates at a rotor speed close to 110 rad/s with an active
power generated greater than 1000 W, this is because the rated rotor speed of the SEIG is 100 rad/s.

To avoid the abrupt change in angular rotor speed when searching for the maximum power point, the
proposed MPPT algorithm releases the rotor. For this, reference voltage is not applied to the stator. Due to
the effect of the wind, the angular rotor speed rises and reaches the steady state value as shown in Figure 9(b)
at time 2.5 seconds. Then the search for the maximum power point begins by applying the reference voltage
to the stator with the frequency that generates a magnetic field with an angular speed slightly less than the
angular rotor speed. and is reduced every 0.3 seconds by ∆ω0 until reaching the point of maximum power.
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This is because if the magnetic field speed begins to reduce starting from the rotor speed, the power rises until
it reaches a maximum value and then reduces [31].

4. CONCLUSION
This paper has proposed a MPPT algorithm based on the P&O approach, applied to the SEIG-WTS.

In this MPPT algorithm the angular magnetic field speed of the SEIG is used as the perturbed variable and
the active power generated by the SEIG as the observed variable. The performance of the suggested MPPT
algorithm has been tested through simulation results analysis which has good results of the maximum active
power point tracking with actual wind speed profile. Moreover, the proposed MPPT algorithm has a simple
practical implementation because the instantaneous stator currents are measured for the calculation of the ob-
served active power and the angular rotor speed are measured for the calculation of the value of the angular
magnetic field speed to start the tracking of the maximum power point. The future challenge will be then to
develop a hybrid MPPT algorithm to reduce the maximum tracking time of the maximum power point, which
in this proposal is 7 seconds.
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