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Abstract

Wind energy conversion systems have attracted con-
siderable attention as a renewable energy source due
to depleting fossil fuel reserves and environmental
concerns as a direct consequence of using fossil fuel
and nuclear energy sources. The increasing number of
wind turbines increases the interest in efficient systems.
The power output of a wind energy conversion sys-
tem depends on the accuracy of the maximum power
tracking system, as wind speed changes constantly
throughout the day. Maximum power point track-
ing systems that do not require mechanical sensors
to measure the wind speed offer several advantages
over systems using mechanical sensors. In this paper
four different approaches that do not use mechanical
sensors to measure the wind speed will be presented;
the assets and drawbacks of these systems are high-
lighted, and afterwards the examined algorithms will
be compared based on different characteristics. Fi-
nally, based on the analysis, an evaluation is made
as to which of the presented algorithms is the most
promising.

1 Introduction

The total installed capacity of wind power is growing
tremendously in the global market. According to
the statistics of the world wind energy association
[1], the global wind power installation has reached
651 GW by the end of 2019. That is approximately
double the amount of the wind power capacity by
the end 2014, due to the increasing number of wind
energy capacity the need of more efficient systems
to determine the maximum power point (MPP) rises.
Wind energy conversion systems (WECS) are usually
equipped with mechanical sensors to measure wind
speed, rotor shaft speed, generator position and speed
for system monitoring, control and protection of the
WECS. The use of this sensors increases the:
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1. cost,

2. size,

3. weight,

4. hardware wiring complexity and

5. lowers the reliability of WECS [2].

Another drawback: anemometers typically used to
measure wind speed from WECS are sensitive to icing.
In many regions that have excellent wind resources
but long winters, special models of anemometers with
electrically heated shaft and cups are required [2]. To
achieve high efficiency with MPPT systems in WECS,
an accurate anemometer is required due to the gusts
and turbulence of the wind. The use of an accurate
anemometer adds extra cost to system, especially for
small scale wind turbines [3]. The problems associated
with using mechanical sensors to measure the wind
speed can be solved by using sensorless maximum
power point tracking (MPPT) systems.

2 Wind turbine modeling

The input of a wind turbine is wind and the output
is mechanical power driving the generator rotor [4, 5].
The mechanical power can be expressed as:

Pm =
1

2
ρAV 3Cp(λ, β) (1)

where Pm is the power extracted from the wind (in
Watts), ρ is the air density (in kg/m3), A is the area
swept by the rotor (in m2), V is the wind speed (in
m/s) and Cp is the turbine power coefficient (dimen-
sionless). The turbine power coefficient Cp describes
the power extraction efficiency of the wind turbine
[6]. It is a nonlinear function of both the tip speed
ration (λ) and the blade pitch angle (β). While its
maximum theoretical is approximately 0.59, in reality
it is between 0.4 and 0.45 [7]. The tip speed ratio is a
variable expressing the ratio of the linear speed of the
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blade tips to the rotational speed of the wind turbine
[8–10], and can be expressed by Eq.2:

λ =
Rωm

V
(2)

where ωm is the velocity of the rotor. Numerous
different versions of fitted equations for Cp have been
used in previous studies. One way to express Cp is
[11]:

Cp(λ, β) = 0, 5176(
116

λi
− 0, 4β − 5)e

− 21
λi + 0, 0068λ

(3)
with

1

λi
=

1

λ+ 0, 08β
− 0, 035

β3 + 1
(4)

3 MPPT control

3.1 Optimal Torque Control

The objective of the MPPT-Optimal Torque (OT)
method is maximizing power extraction without wind
speed measurements. This method is equivalent to
tracking the maximum power conversion point of a
filtered version for the wind, avoiding sudden changes
of the torque, and consequently reducing mechanical
stress in the shaft [12]. As shown in the block diagram
Fig. 1, the OTC is reaching the maximum power point
by adjusting the actual torque of the generator ac-
cording to the reference torque. In order to determine
the maximum power point without knowledge of the
wind speed we substitute Eq.2 into Eq.1. The new
expression yields:

Pm =
1

2
ρπR5Cp

λ3
ω3
m (5)

Fig. 1: Block diagram of the optimal torque control
method [13]

If the rotor is running at λ = λopt, it will also run at
Cp = CPmax. Thus Eq.5 also can be written as:

Pm =
1

2
ρπR5CPmax

λ3opt
ω3
m = koptω

3 (6)

Considering that Pm = ωmTm, we reach our final
expression:

Tm =
1

2
ρπR5CPmax

λ3opt
ω2
m = koptω

2 (7)

Eq.7 represents our analytical expression of the opti-
mum torque curve, and Fig. 1, is a given as reference
torque for the controller that is connect to the wind
turbine.

Fig. 2: Characteristics of turbine power as a function
of the rotor speed for a series of wind speeds
[13]

3.2 Hill Climb search

The hill-climb searching (HCS) method, is a mathe-
matical optimization technique to determine the local
maximum of a given function. Fig. 3 shows how
the algorithm works. If the operating point of the
function, in our case on the left side of the peak point
Pmpp, the controller must move our operating point
to the right so we can reach Pmpp. This happens
with a perturbation of the control variable. If the
perturb results in an increase of the power, the same
perturbation is applied, otherwise the mathematical
sign of the perturbation is reversed. To improve the
efficiency and the accuracy of the conventional HCS
method, modified variable step size algorithms have
been proposed [13–15]. When using improved HCS al-
gorithms, the step size is getting generated according
the the operating point. When the system is far away
from the tracking point, it speeds up the process by
increasing the step size and speeding up the process
of reaching the MPP. As the controller approaches
the MPP, the step size decreases until it approaches
zero. This way the oscillations occurring when using
the conventional HCS algorithm are getting reduced.
One way to increase efficiency and accuracy using an
improved HCS algorithm is now explained. In the
examined study [14], the distance from the actual
generator speed (ω) to the optimal generator speed
(ω∗),which is determined by the optimal power curve,
was used to adjust the perturbation size at the end of
each cycle[13].The Flowchart of the improved method
can be found in [14]. There are three steps of opera-
tion. The features of the three modes are explained
below:

• Mode 0: searching for kopt to track the MPP.
Once the initial conditions are satisfied, kopt will
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Fig. 3: HCS control (a) larger perturbation and (b)
smaller perturbation

[13].

be calculated through the measured power and
rotational speed and the system is switched to
Mode 1.

• Mode 1: the perturbation is set to zero to keep
the system at the state reached in Mode 0. A
change of wind speed is detected through change
in rotor speed and leads to Mode 2.

• Mode 2: this mode implements the adaptive
hill climbing according to the stored kopt. The
perturbation size is decided by the distance of
the operating point from the kopt ∗ w3 curve,
shown in Fig. 2. It is not possible to track
the MPP perfectly, but the controller moves the
operating point very close to the peak power.

3.3 Neural Networks based
MPPT-Algorithms

Artificial Neural Network (ANN) models, also called
Neural Networks (NN), take their inspiration from the
basic framework of the brain [16]. ANN consists of
many nodes and connecting synapses. Nodes operate
in parallel and communicate with each other through
connecting synapses[17]. A NN consists of three layers:

• input,

Fig. 4: Structure of a neural network [18]

• hidden,

• and output layers.

The layers are connected with nodes. The number
of nodes in each layer varies dependent of the used
model. The architecture of a NN is shown in Fig. 4

The input variables can be:

• pitch angle,

• terminal voltage,

• output torque,

• wind speed,

• rotor speed,

etc. or any combination of the variables [3]. The
output is generally a reference signal:

• reference power,

• rotor speed,

• reference torque,

etc. that is used to drive the power electronic circuit
of the wind turbine close to the MP [3]. There are
numerous approaches using NN to determine the MPP
[19–21].

4 Critical analysis and comparison

Although the OT algorithm is widely used in WECS,
it requires the information of air density and tur-
bine mechanical parameters, which vary in different
systems. Moreover, the OT curve, which is mainly
obtained via experimental tests, will change when
the system ages [12, 22–24]. This will also affect the
MPPT efficiency [3].

The HCS algorithm is the simplest MPPT algorithm
that does not require any prior knowledge of the sys-
tem or any additional sensor except the measurement
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of the power which is subjected to maximization. That
is the reason why the HCS algorithm can be used in
any renewable energy system that exhibits a unique
power maximum. Although these features should
make HCS the top choice for MPPT in any renewable
energy conversion system but in reality it is only feasi-
ble in the slow varying systems. For instance it is quite
feasible for the PV energy systems where the sun’s
irradiance changes over the period of several minutes
but not for the WECS where the wind may change
quite fast in the matter of seconds.[25] However, the
method deviates to trace the peak power point un-
der sudden wind gusts. In order to overcome this
drawback, there are many improved HCS methods
presented in literature [3, 13, 14, 26].

ANN based control [27], [20] can be quite effective and
robust only after it is sufficiently trained for all kinds
of operating conditions. This is quite a tough require-
ment and requires a long offline training. Therefore,
this MPPT control can be quite efficient when trained
[3] for long time but this long offline training makes
ANN quite unattractive for the real time practical
applications. The ANN for its training requires wind
velocity sensor additionally with the generator speed
sensor which is again not a good feature.

4.1 Comparison and assets of the
described algorithms

In other papers the presented methods have already
been analyzed and compared. Nevertheless the au-
thors used different criteria to compare the methods.
Based on the above description and literature [3, 28,
29] comparing the different MPPT methods, Tab. 1
was compiled.

Tab. 1: Comparison of characteristics of the described
MPPT algorithms

HCS Modified HCS OTC ANN-based
Complexity Simple Medium Simple High
Wind turbine
characteristics

No Yes Yes No

Convergence speed Slow Medium Fast Medium
Prior training/
knowledge

No No Yes Yes

Perfomance
under varying wind

Medium Good Medium Very good

Wind speed
measurement

No No No
No (dependent
on the used NN)

Rotor speed
measurment

Yes Yes Yes Yes

5 Conclusion

Due to the increasing penetration of wind turbine
power, it is necessary to get the maximum power from
the wind. In some cases, the implementation of me-
chanical sensors is unfavorable, due to the reasons
mentioned above. In this case, MPPT methods with-
out mechanical sensors are the preferred technique.

Due to their simplicity, HCS and OTC are promising
methods to determine the MPP. Especially improved
HCS methods have generated a great deal of interest
lately because they overcome the drawbacks of the
conventional HCS method by increasing the efficiency
and accelerate the process of determining the MPP.
ANN-based methods are of interest because of their
good performance under varying wind speed. The
main problem encountered when using ANN-based
methods is the need of a long offline training. This
problem has not been solved so far. Once the the long
training time can be reduced, ANN-based methods can
become the best choice for sensorless MPPT systems.
Finally, it must be noted that none of the presented
methods should be the preferred choice in any case.
The assets and drawbacks are different and need to
be considered before using the described systems in
practical applications. This paper servers as a refer-
ence, to decide which sensorless MPPT system might
be the most feasible for the given application. For in-
stance, in areas with many sudden wind changes, the
ANN-based algorithm should be the preferred choice.
While the HCS algorithm could be considered a feasi-
ble method in areas with less varying wind speed due
to the simplicity and the fact that no prior training
is required for this algorithm.
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