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Abstract- In many research activities related to improving wind
turbine efficiency, the major focus has been in improvement of
blade design, number of blades that is most suitable, and
aerodynamics of design to make the design more strong and
efficient. Also, to tackle the irregularities related to the wind
pattern, many control systems have been designed to actively adapt
to the wind conditions to capture the maximum power.

To improve the energy capture efficiency of wind turbines, many
maximum power point tracking algorithms have been developed. In
this review paper, we will focus majorly on Permanent magnet
synchronous generator based Wind energy conversion system and
various maximum power tracking systems designed for such
systems and will set a comparative analysis to determine the
effectiveness of such control system
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I. INTRODUCTION

A variety of wind energy systems have been developed and
the technological advances have been astounding. Turbine
designs nowadays ranges from vertically placed turbines to
horizontally placed turbines. But in any design, a basic flow of
electrical & mechanical arrangement exists, as shown in fig 1.
With the technology development in semiconductor device
field, power electronic controller are getting a good market
share in grid side and load side converter design sector.

Wind converter topologies are available in very well-known
formats (1):

1. Diode-Rectifier > Chopper = DC bus = Inverter

2. IGBT Rectifier > DC Bus = Inverter

The wind market majorly accepts the topology which
functions under variable wind speed having a full scale
frequency converter. For this design, the doubly fed induction
generators (DFIGs) and permanent magnet synchronous
generators (PMSGs), allow the extraction of maximum power
from a large wind speed range. The PMSG with a higher
number of poles for low speed, avoids the necessity of having
a gearbox. Some of the important advantages that PMSG has
over the DFIG are better efficiency, easier controllability, no
need for reactive magnetizing current and they are smaller in
size. [1].
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Fig 1- Wind Turbine Systems [1]

Large scale wind turbines nowadays has a highly evolved
control system, mainly dealing with maintaining the rotation
speed, pitch angle, and tracking the maximum power point
(MPPT schemes). A wide variety of MPPT algorithms are
developed based on some controllable parameter, with the
main goal to absorb maximum power available in the flowing
wind. The MPPT controller controls the generator side
converter such that maximum active power can always be
drawn from the wind turbine under different wind speeds.

II. ESTIMATES OF WIND TURBINE

Each wind turbine design has a unique associated power
coefficient function, C, (y, B), that describes its power
extraction efficiency. Equation below describe the kinetic
power in the wind and the mechanical power that is extracted
by the wind turbine respectively,

P=0.5pAV? €))

P =0.5pA Cy (v, p) V° @)

In this equation, V is wind speed [m/s]; p is air density
[kg/m3]; A is rotor swept area [m?]; @ = turbine rotating speed.
The power coefficient, C, is dependent on two parameters: the
tip speed ratio (TSR), which is given by y and the pitch angle,
B. The pitch angle refers to the angle in which the turbine
blades are aligned with respect to its longitudinal axis. [2]

R
V= 3)
Here, R = radius of turbine blades
The shape of the C, curve is dependent on pitch angle. There

are two main classes of wind turbines, based on pitch angle:
variable pitch and fixed pitch. The variable pitch wind turbine
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allows the rotor blades to twist along its longitudinal axis and
so P varies. The blades of a fixed pitch wind turbine however,
are bolted to the hub so that f = 0. [3]
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Fig 2 - Power Coefficient Curve [12]

Power coefficient

It should also be noted that the maximum C, value will
correspond to a different TSR for each pitch angle. For a
variable pitch wind turbine, there will be a set of power curves
associated with each pitch. The power obtained from the wind
turbine can be expressed as a function of y as given by:

P (1) = 0.5pA Cp(r. B) (55)’ 4)

The equation, based on the modelling turbine characteristics
. 3 )
Co(1:B) = C1 {2 = €35 = 0t e + Coy (5)

. i _ i B ol b
With, S T (6)

The coefficients C; to Cg are: C1= 0.5176, Co= 116, C3 = 0.4,
C4=5,Cs=21 and Cs = 0.0068. The wind model can be used
in the simulation study. The aerodynamic power converted by
the wind turbine is depending on the power coefficient C,
such as:
Pr=1pnR>C, V> (7)
Where, p is the air density (p=1.225 kg/m?), R is the blade
length and V is the wind speed. Once the power is absorbed by
the blades, it is transferred to the shaft of the rotor. The
mechanical speed of the synchronous generator can be easily
determined using the dynamic equation. The simplified model
of this equation is given by (1):
I (E)=C— Can—fi0- G, ®)

Where, Jr (kg.m?) is the total inertia which appears on the
shaft of the generator, » (rad/s) is the turbine rotating speed,
C: (N.m) is the mechanical torque, Cen (N.m) is the
electromagnetic torque, Cs (N.m) is the dry friction torque and
f (N.m.s.rad™") is a viscous friction coefficient. The rotational
speed of the rotor can be either measured using mechanical
sensors or can me mathematically calculated, with using any
mechanical sensor, using the following equation,
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Fig 3 — Sensor-less o, estimation

Here, oy, is the estimated value of rotor speed, Ky, is the peak
line to neutral back emf constant in V/rpm, R is the stator
winding resistance in Ohm, L, is the stator leakage inductance
in mH, L, is the In-line leakage inductance in mH, and P is the
number of poles.

III. UNCERTAINITIES IN WIND POWER CURVE

The power curves shows the mechanical power of wind
turbine versus the rotor speed at different wind velocities. In
practical plots, the curve forms with a group of points spread
around each curve line, as the wind speed always fluctuates,
and one cannot measure exactly the column of wind that
passes through the rotor of the turbine. Moreover, the wind
speed has different values at each point of the blade. The
mechanical power developed by the wind turbine not only
depends on the wind speed (which is difficult to measure) but
also it depends on the air density and the turbine performance
coefficient.

According to the ideal gas law, the density of a gas is
proportional to its pressure and inversely proportional to its
temperature. This fundamental can be shown in the equation
representing the changes in density value,

p="1= ©)

af
where, P is the absolute pressure, M is the molar mass, R gas

constant (8.314472JK 'mol™!), and T is the absolute

temperature. If the pressure increases by 10% and the

temperature decreases by 15%, the air density will increase

about 30%.
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Fig 6- The effect of changing C,, [3]

When the air density increases, the maximum mechanical
power output increases, which results in shifting the maximum
power point line. [3]. When yi increases the maximum power
decreases slightly, but it occurs at different rotor speed, which
results in shifting the maximum power loci.

IV. STEADY-STATE OPERATION OF WIND TURBINE

A variable speed wind turbine can be assumed to be working
under two zones of operation based on wind speed available.
The two zones can be fixed with one wind speed reference,
say 8 m/s. and maximum wind speed value rated for the
turbine under consideration.
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Fig 7 — Power vs. Wind speed

14
A

_ Wy radss] |,

s 10 15 20
w, [1m's]
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Low wind speed operation zone and all those points which are
more than reference speed comes under High wind speed
operation zone. The figure below shows the operation
characteristics on these two operation zones. (4) For Low
wind speed zone, the rotor speed is controlled to keep the tip-
speed ratio (TSR), v, at its optimal value and the pitch angle is
Zero.

When the nominal power and maximal rotor speed is reached,
the rotor speed controlled to its nominal value. Moreover,
when the nominal power is reached, the blades of the turbine
are pitch out of the wind in order to control the turbine power
level to its nominal value. All the wind speed which are less
than reference comes under the control area. The wind turbine
provides active power between the critical wind velocity
levels to maximum wind velocity level, where the rotor speed
is moving around its nominal value while the produced power
remains below the rated value of the wind turbine.
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V. TURBINE CONTROL STRATEGY

The wind energy control system (WECS) that is under
consideration is a direct-drive system i.e. without gearbox and
includes a wind turbine, multi-pole permanent magnet
synchronous generator (PMSG) and pulse-width modulation
(PWM) based fully controlled power converter with buck-
boost converter in the DC bus. The use of buck-to buck PWM
full power converter insures that the generator currents and the
grid currents are sinusoidal. Moreover, the generator side
converter is controlled to achieve maximum power extraction.
In partial load region, WECS is controlled by means of MPPT
algorithm which maximizes the energy captured by the turbine
from the wind's kinetic energy. Many literature shows various
kind of maximum power point tracking algorithm, which
globally can be classified into two categories, based on
whether direct wind speed measurement is taken as input or
not:

a) Sensor-less MPPT Control

b) With Sensor MPPT control

While dealing with a direct-drive system using PMSG
generator, a sensor-less MPPT control is found to be suitable
for variable wind speed conditions, as the wind speed is a
constantly changing parameter, and measuring it with some
sensor will give unstable reading, which will make it difficult
to perform the further control calculations. In the following
paragraphs we will understand & compare various control
techniques that are used in wind turbine control algorithms in
variable speed wind turbine system with drive-less PMSG.

A) Optimal Torque Control
Conventionally, to obtain the maximum power from the wind,
we use a simple expression based on wind speed
measurement. Using equations (3) & (7), we can get the
following maximum power equation,

Pm= % pTCRz ( ?)3 Cpmax (10)
Using this equation, we can derive the condition of optimal

power flowing through the turbine by calculating, Wy as a
function of wind speed, v:

O)Opt:}\opb V/R (11)
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Fig 11- Rotor speed reference vs. Turbine Torque
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Fig 12 Optimal Torque Control

So, using equation (11) in equation (10), we get

Pmax = K OJSopt (12)
Here,
1 2083
K= ;an (I) Comax (13)

Dividing the eqn. with oy, We get
Topt =K. 0)2opt (14)

In order to obtain the turbine optimal torque, control has to
adjust the generator torque reference so that maximum power
is obtained.

B) Tip Speed Ratio (TSR) Control

Whenever a wind turbine is installed, two parameters are
available by measurement, i.e. Wind speed, v and the pitch
angle, B corresponding to the wind speed for proper operation.
For a particular wind speed available at the turbine blades, we
can measure the maximum possible power that can be derived
from the turbine system, Pp,.

pTCR2 ( % )3 Cpmax (15)

For extracting maximum power from a particular wind,
control has to adjust turbine speed so that optimum tip speed
ratio (A, is always obtained corresponding to maximum
power that can be derived from wind.

Kopt = 0.5pR Cpmax / (Aopr)? (16)
where, R is the radius of wind turbine, p is air density and the
Cpmax 18 the maximum power coefficient correspond to @pt.
When the wind speed is v, the optimized generator speed
corresponding to maximum wind energy can be obtained by:

mopt: v xopt / R (17)
Speed reference that achieves maximum power can be
obtained in different ways. First, it can be obtained from the
measurement of wind velocity by an anemometer, which
measures only the wind velocity at one point of the rotor, and
also this measurement is affected by the rotor wake. An
approximation can be done to make calculations easy.
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C) Power Signal Feedback Control

The two methods discussed above depends on accurate
reading availability from a mechanical wind speed
measurement system. With time, such system may induce
ageing giving out inaccurate readings. In Power signal
feedback control method, a pre-recorded values are recorded
in the memory of the control system. The reference point for
operation is obtained from simulations or experimental tests
conducted earlier, to form the curve of rotational speed with
respect to optimal power in the generator.

Assume that, the system is operating under wind speed Vi,
giving a shaft speed ®;, and the generator gives out a
maximum output power P;. Suddenly, the wind speed changes
to V,. Based on standard reading available in the memory of
controller, the new optimum output power should be P, but
the real output power will be P'; due to the inertia of the shaft.
This reference point will enable the shaft to accelerate under
additional turbine torque and operations point will be moved
to P> and corresponding rotor speed, . To implement PSF
technique, the maximum power is tracked by the shaft speed
measurement and corresponding value of reference power
determination.

n

Electrical output P/P

speed n/ nn

Fig 14- Output Power vs. Turbine Speed Curve for various Wind Speed
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Fig 15- Flowchart of P&O Method (2)

D) Perturb and Observe (P&O) technique

In P&O method, the rotor speed in changed in small steps and
the changes in the output power is measured. In the PMSG,
the output current is proportional to the rotor torque, and
voltage is proportional to the rotor speed. Thus modifying the
output voltage of the generator will cause the rotor speed to
change to its corresponding value. Variation of the voltage
could be performed by adjusting the duty cycle (PWM signal)
of the buck converter. Then by observing the resulting power,
increase or decrease the duty cycle in the next cycle.

If the increase of duty cycle produces an increase of the
power, then the direction of the perturbation signal (duty
cycle) is the same as the previous cycle. Contrary, if the
perturbation duty cycle produces a decrease of the power, then
the direction of perturbation signal is the opposite from the
previous cycle.

VICONCLUSION

The study showcases the controls available for a direct-driven
PMSG turbine under variable wind speeds, connected to the
grid. A sensor-less system works better for real time control.
P&O method provides a better algorithm for power control,
enabling its usage in smart controllers (fuzzy/neural), which
will eliminates slow response operation of conventional MPPT
controls.
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