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Abstract--Wind turbine generation is rapidly becoming the
preferred renewable source of electric energy. The amount of
energy captured from a wind energy conversion system (WECS)
depends not only on the prevailing wind at the site, but also on
the control strategy used for the WECS. Modeling, control and
simulation of a wind turbine conversion system connected to an
isolated load are proposed. The wind turbine being considered a
variable speed turbine connected to a gear box to move a three
phase wound rotor synchronous generator. The variable
frequency energy produced by the generator is converted to the
50 Hz power system energy by a full power AC/DC/AC electronic
converter. The maximum output power at every wind speed is
achieved by selecting a certain inverter modulation index using
proportional-integral controller which uses DC link power as
feedback signal. The controller gains (Kp and Ki) are optimized
using the Genetic Algorithm.

Index Terms--Wind Turbine Modeling, Synchronous
Generator, MPPT Techniques, PI, Genetic Algorithm.

I. INTRODUCTION

HE The demand for electricity power is growing rapidly

and is expected to keep growing. The growth in net
electricity generation outpaced the growth in total energy
consumption. Due to escalating oil prices and CO2 emission
reduction demand, renewable energy, especially wind energy,
becomes more and more attractive and competitive [2]. A
number of renewable power generation sources exist, such as
wind energy, solar energy, wave energy, hydro power and
more sophisticated systems based on hydrogen. In renewable
power generation, wind energy has been noted as the fastest-
growing energy technology in the world. This is due to the
fact that world has enormous resources of wind energy. It has
been estimated that tapping barely 10% of the wind energy
available could supply all the electricity needs of the world.
Moreover, recent technological advances in variable-speed
wind turbines, power electronics, drives, and controls have
made wind energy competitive with conventional coal and
natural gas power [3]. Increasing of wind farms penetration on
power systems justifies the need for development of accurate
wind turbine model, evaluating their influence and thus
improving the planning and operation of electrical network

[4]. Wind energy conversion systems (WECS) or wind turbine
generators (WTG) use a wind turbine to transform the kinetic
energy of wind into mechanical energy to turn an electric
generator, which transforms mechanical energy into electrical
energy. An electronic power converter can be used to level the
electric energy to feed the power system.

Most used generators in WECS include doubly fed
induction generators, direct-drive permanent magnet
synchronous  generators and  squirrel-cage induction
generators. Even though wound-rotor synchronous generators
are not so common, they are becoming a viable alternative
because of grid-code requirements, such as voltage support
during fault conditions; control of reactive power in a given
range, limiting maximum power generation and start-up
current transients [1]. In addition, the wound-rotor
synchronous generators are more efficient, less complicated,
and easier to construct from an electrical engineering
perspective [10]. Due to wind energy and turbine features,
optimum wind energy extraction can be achieved by operating
the wind turbine in a variable speed mode.

Basically, there are three types of a Maximum Power Point
Tracking (MPPT) algorithms, namely, Tip Speed Ratio (TSR)
control, Perturb and Observe (P&O) control (which is also
known as hill-climbing searching control), and Power Signal
Feedback (PSF) control (which is also known as Optimum
Relationship-Based (ORB) control) [2].

TSR is defined as the ratio between the rotor speed of the
tip of a blade and the actual wind velocity. There is an
optimum TSR at which the maximum energy conversion
efficiency is achieved. TSR control directly regulates the
turbine speed to keep the TSR at an optimal value by
measuring wind speed and turbine speed. A typical power
coefficient versus TSR curve is shown in Fig. 1.

Tip speed ratio control takes advantage of the fact that the
C,-A curve is quite flat close to its optimum value, so small
errors in the estimated tip speed ratio should not influence the
results too much [12]. No detailed mathematical model or
linearization about an operating point is needed and it is
insensitive to system parameter variation [2].

P&O control adjusts the turbine speed toward the MPP,
according to the result of comparison between successive
wind turbine generator output power measurements. The P&O



algorithms are widely used in control of MPPT thanks to their
simple structure and reduced number of necessary measured
parameters [14]. It is especially suitable for small-scale
WECSs, as an anemometer is not required and the system
knowledge is not needed [2]-[8].
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Fig. 1. Typical power coefficient curve.

PSF control is based on power comparison. This topology
requires the knowledge of the wind turbine’s maximum power
curve, and tracks this curve through its control mechanisms.
The maximum power curves need to be obtained via
simulations. In this method, optimal power is generated using
the mechanical power equation of the wind turbine where
wind speed is used as the input. The wind speed is measured,
and then the optimal output power is calculated and compared
to the actual output power, and the error is used to control a
modulation index which is proposed in this work as this
control strategy is straightforward, simple and more accurate.
But TSR method requires both the wind speed and the turbine
speed to be measured or estimated in addition to requiring the
knowledge of optimum TSR of the turbine for the system to be
able extract maximum possible power. And P&O control
suffers from some common drawbacks; the response to wind
speed change is extremely slow, especially for large inertia
wind turbines [5]-[8].

The control system of a WECS based on synchronous
generator embraces control of nacelle orientation, wind
turbine, generator excitation, power rectifier and power
inverter. Development of such a control system can be carried
out gradually and iteratively. This paper is organized as
follows; Section 1 introduces the conventional MPPT
methods. In Section 2, the system configuration for
investigation is presented. Section 3 describes the
characteristic of the proposed model of the WECS (models of
the wind turbine, synchronous generator, and electronic power
converter) that produce the dynamic behavior of a 16 kW
WECS. In Section 4, the proposed MPPT technique is
presented in detail. The simulation results demonstrate and
verify the validity of the proposed technique using the
MATLAB/Simulink in Section 5. Section 6 concludes this

paper.

Il. SYSTEM CONFIGURATION

The scheme of the WECS, where the proposed algorithm is
implemented, is shown in Fig. 2. The WTG discussed in this
paper consists of a) A wind turbine with horizontal axis, 3.15
m three blade rotor that can produce 16 kW nominal power, b)
A gear-box to multiply velocity from 320 rpm turbine rotor to
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1500 rpm generator rotor, c) Three-phase synchronous
generator and excitation system, d) A full power AC/DC/AC
converter, with 50 Hz output, and e) A static load. The wind
turbine is intended to operate at variable speed over a wide
range for the WECS to generate maximum power at each wind
speed. The synchronous generator can be connected to a diode
to produce DC electric energy. The voltage source inverter
rated at 16 kW feeds AC electric energy at 50 Hz to the static
load. The inverter uses Pulse Width Modulation (PWM)
technique with a switching frequency about 2 kHz to reduce
harmonics. This type of inverter allows for power flow control
to connect the WECS to a static load. The inverter is built with
Insulated Gate Bipolar Transistors (IGBTs) capable to handle
400 A at 690 V [1]-[2].

The dc link filter elements in a three-phase voltage source
inverter-fed static load can affect the performance of the
system if not properly chosen. The selection of filter
component values is based on minimization of voltage and
current ripple currents in the dc link, damping effects and on
resonant frequency [6].

To feed the power to the static load, there are three
problems, voltage spikes on the load terminals caused by the
dv/dt during switching transition, the additional losses in the
loads caused by the high frequency current ripple and the
electromagnetic emission caused by the high dv/dt in the
cable. All three problems can be overcome with suitable sizing
of LC filter between inverter output terminals and the static
load cables. The filter performance with respect to load
voltage is determined by its resonance frequency. In order to
achieve an almost sinusoidal load voltage and avoid additional
resonance suppressing control, the filter resonance frequency,
the fundamental frequency of the inverter voltage and the
switching frequency of the inverter have to have at least a
factor of six among of them. Resonance frequency is
determined by the product of L and C.

) 2 1L C (1)
R
The choice of the individual values of L; and C; is a remaining
degree of freedom [7].
The scheme in Fig. 2 is used in this paper to demonstrate
the validity of the new MPPT technique because of its
simplicity and clarity.
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I1l. WECS CHARACTERISTICS

The WTG model is intended to reproduce the dynamic
behavior of 16 kW power plant. The model was programmed
in Matlab/Simulink. The main components of the WTG model
include the wind turbine, the synchronous generator and the
AC/DC/AC power converter. The general structure of the
WTG model is shown in Fig. 3;
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Fig. 3. The General Structure of the WTG Model.

A. Wind Turbine Model

The wind turbine converts the motion energy of wind flow
into mechanical energy. The turbine shaft drives the generator
rotor through multiplying gear box. The power P,, of a wind
flow with speed v,, and density p across a surface with area A

is given by [15]: P, = 'OAV\?V (2)

The mechanical power P, that can be obtained from the wind
power depends on the turbine aerodynamic efficiency C, [1]:

)

Where the area is that swept by the turbine blades with
radius L. The turbine power coefficient C, describes the power
extraction efficiency of the wind turbine. It is a nonlinear
function of both the tip speed ratio 1 and the blade pitch angle
£. While its maximum theoretical value is approximately 0.59,
in practicality it lies between 0.4 and 0.45 [9]. The power
coefficient C, characterizes every turbine and depends on the
point of operation as specified by the angular position of the
turbine blades g and the turbine tip speed ratio A that is given
by [13]: A=w, L/v,, where w is the angular speed of the turbine
shaft. Many different versions of fitted equations for C, have
been used in previous studies. This paper defined it based on
the following [1]:

c -
(-\‘p(;twg)zcl[;_Csﬁ_C4Jeﬂ1 +C6/1 (4)
1 1 0.035

2 A+0083 p°+1 )
Where C,=0.5176, C,=116, C;=0.4, C,=5, Cs;=21 and
Cs=0.0068.
The MATLAB/Simulink simulation of the proposed Wind
Turbine (WT) model is shown in Fig. 4:
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Fig. 4. MATLAB/Simulink simulation of the proposed WT model.
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Fig. 5 shows C,-4 curves for several values of f. The
maximum value of C, (C, na = 0.48) is obtained for f = 0 at
the optimal 4 (Ao, = 8.1).

Assuming that the coupling between the wind turbine, gear
box and electrical generator are rigid, the mechanical part of
the wind turbine generator can be modeled as a single mass
system with equivalent inertia constant and equivalent torque
for the generator:
d ,, _ T =Te _ To—nT,
dt ' 3, +J, I, +n?J,

(6)

Where T, T, and T are the torques, and J,, J; and Jg. are the
inertia constants for turbine, generator and equivalent of
generator, respectively. Coefficient n is the gear box ratio
Where: n = wg/w, [1].
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Fig. 5. curves for WECS model.

B. Synchronous Generator Model

The electric generator model main equations are obtained
from the rotor and stator circuits as shown in Fig. 6. The rotor
circuits comprehend the field winding and two damping
winding (Kg, Ky). The coefficients of these equations are made
constant with the park’s transformation. Then the equations
are normalized [1].
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Fig. 6. Rotor and stator circuits of a 3-phase synchronous generator

Stator equations in dq0 coordinates [1]:
€ = Py _l//qu - Raid (7)
eq = pl//q —YaW, — Raiq (8)



(0)
(10)
(1)
(12)

(13)
(14)
(15)

€ = Py, —Ralg
Wy =—Lyly + Laal g + Lasalia
Vq= _Lqiq + Lakqikq
o =—Lol

Rotor equations in dg0 coordinates [1]:
€ = PW + Ryly

0= pyiy + Ryl

0= pwiq+ Ryl

. . 3, .

Wis = Ll + Lagha D) Latal (16)
. . 3, .

Wia = Lialig + Liaha D) Lol (17)

. 3 .
Vg = kaqlkq _E Lakq' (18)

Since the connection of the synchronous generator to the
AC/DC/AC power converter is balanced, the electric power

output P, is [1]:
(29)

Finally, the excitation system is a DC excitation system.

e

P =§(edid +eqiq)

C. AC/DC/AC power converter model

The three phase AC/DC/AC power converter has two
components: Power Converter on the Generator (PCG) side
and Power Converter on the Static Load (PCSL) side. PCG is
built with diodes and PCSL is built with IGBTSs that use pulse
width modulation (PWM). PCSL always works at the
fundamental frequency (50 Hz), while the PCG works at
variable frequency. PCG and PCSL (voltage source converter)
coupled back to back by a DC bus link.

The relationship between the voltages V; at the AC terminal
and Vp at the DC terminals of PCG is [16]:
Ve = N (20)
7T
Also, the relationship between the voltages Vs at the AC
terminals and Vpc at the DC terminals of PCSL, with
modulation factor m is given by [16]:
3
Vg =m %VDC (21)
The modulation factor is the control variable in the PWM
scheme. The previous voltage equation is only valid for
0 <m < 1. For larger values of m, the converter gets saturated
and harmonics increase at low frequencies [1].

IVV. PROPOSED MPPT TECHNIQUE

The variation of wind speed changes the mechanical energy
transferred from the wind turbine to the synchronous generator
so, when the wind speed increase, the synchronous generator
input energy must increase. But the increasing part of energy
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divide into two parts, one to electrical energy and another lost
to acceleration in the generator speed. The second part must be
transferred to useful electrical energy, and this is by the
generator current. Where, with the same generator input
mechanical energy, once the generator current increases the
generator speed decreases and vice versa. The modulation
index controls the level of voltage and current of the generated
power from the generator. The proposed MPPT technique is
based on power signal feedback control. As shown in Fig. 7,
there is a certain maximum power point at every wind speed.
X i Max Power-Speed Characteristics

3‘») T T T

Power ( Watt )
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Fig. 7. Maximum power-speed characteristic versus wind speed

The objective of this work is tracking of this maximum
power point using the proposed algorithm as shown in Fig. 8,
which based on three steps: 1) An anemometer is used to
measure the wind speed at the tip of a blade. 2) By knowing
the characteristic of the wind turbine {maximum power
coefficient and optimal tip speed ratio}, the maximum power
at this wind speed is calculated. 3) Measuring the DC voltage
and the DC current to determine the actual power and
comparing it with the calculated maximum power, the error is
used to control a modulation index of the power inverter. The
used controller is Pl controller that controls the modulation
index. The controller gains (Kp and Ki) are optimized using
the genetic algorithm.

56 | AC/DC 5 V.1 H DC/AC St |

Max Power _(w)

5 10 15
Wnd speed i)

Fig. 8. The proposed control system scheme.

The proposed Maximum Power Point Tracking
methodology is demonstrated in a simple form by the
following flow chart in Fig. 9;
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Fig. 9. Proposed MPPT technique control flow chart.
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It is important to notice that the purpose of the proposed
control system is to demonstrate the feasibility of the wind
turbine generator model and to be a reference for further
advance.

Genetic  Algorithm (GA) is one of the advanced
optimization method to find optimized values of Pl gains. GA
is very different from most of the traditional optimization
method. A most important difference between genetic
algorithms and most of the traditional optimization methods is
that GA uses a population of points at one time in contrast to
the single point approach by a traditional optimization
methods, transition rules are used they are deterministic in
nature but GA uses randomized operators. Random operators
improve the search space in an adaptive manner [11]-[17]. The
proposed GA based MPPT for WECS is demonstrated in a
simple form by the following flow chart in Fig. 10;

V. SIMULATION RESULTS

MATLAB/Simulink simulations using the model in Fig. 11
can verify the performance of the proposed MPPT technique.
The WECS scheme is similar to that shown in Fig. 2. The
parameters of Synchronous Generator (SG) and Wind Turbine
(WT) are summarized in Table I, while the controller gains are
summarized in Table II.
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Fig. 11. The simulation of overall maximum power extraction closed loop
proposed system.
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Fig. 10. The Genetic Algorithm flow chart.

Genetic  Algorithm is used to search the controller
optimized gains and genetic operators are used to find better
solution. The string length is taken 16 bit and the size of the
population is 20. After producing several generations by GA
the best solution is found in 43th iteration. The genetic
algorithm parameters are default as in a tool box of GA in
MATLAB but some selected as in Table Ill to optimize the



fitness value which reached 0.003.

Table |

SG and WT Parameters

Items Specification
Power rating 16 Kw
Rated voltage a00V

Pole Pairs 2

Turbine type

3-blade horizontal axis turbine

Gear box ratio

33/157

Maximum CpP 0.48
Optimal TSR (1) 81
Maximum rotor speed 1500 RPM
Table Il
Controller Gains
Gains Values
Kp 0.5377
Ki 1.8338
Table 111
Genetic Algorithm Parameters
Parameters Values
Scaling function Rank
Selection function Roulette
Mutation function Gaussian
Scale: 0.01

From Fig. 12 to Fig. 15, the system has static resistive load
but Fig. 16 is with static inductive load.

Fig. 12 depicts the dynamic response of the system for
increasing step change in modulation index followed by
decreasing step in modulation index. The wind speed does not
change. The figures show the modulation index, rotor speed,
DC link voltage, current and power. At t=2 sec, the
modulation index increases from 0.6 to 0.8 then at t=4 sec, it
decreases to 0.6 again.

Increasing the modulation index allows the load to draw
more power so that the rotor speed decreases according to the
wind turbine characteristic; this variation in modulation index
has direct effect on the generated level of voltage, current and
power as shown in Fig. 12, and proves the feasibility of the
proposed technique to control the output power so, the MPPT
can be achieved with controlling of the power inverter
modulation index.

Fig. 13 shows the dynamic response of the system for step
change in the wind speed. The figures show the wind speed
step change, rotor speed, power coefficient, modulation index,
DC link voltage, current and power for open loop control
system with modulation index 0.5 and for closed loop control
system with controlled modulation index.
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Fig. 12. Changing in modulation index

At t=10 sec, the wind speed increases from 11 m/sto 12 m/s
and at t=15 sec, it increases to 13 m/s, so, the controlled
modulation index varied to track MPP at the new wind speed
by changing the level of generated voltage and current as
shown in the figures while the power coefficient is kept at its
maximum value (48%).



Fig. 13.
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Fig. 14 depicts the dynamic response of the system for the
changes of stochastic wind profiles. The figures show the
wind speed profile change, rotor speed, power coefficient,
modulation index, DC link voltage, current and power for
closed loop control system with controlled modulation index.
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Fig. 14. Changing of stochastic wind profiles.



As shown, the wind changes randomly while power
coefficient is kept at its maximum value (48%) as the
modulation is updating to track MPP at each wind speed. So,
this is a robust controller which actively adapts to the changes
of stochastic wind profiles.

Fig. 15 describes the dynamic response of the system for
step change in the static load. The figures show the static load
step change, rotor speed, power coefficient, Modulation index,
DC link voltage, current and power for closed loop control
system with controlled modulation index. The wind speed is
kept at 12 m/s so, the generated power must be conserved at
its maximum value even the load changed. At t=10 sec, the
load decreases to 80 % of its value (from 25 ohm to 20 ohm)
so, the modulation index varied to conserve MPP at the new
load by changing the level of generated voltage and current to
conserve the generated power at its maximum value as shown
in the figures, so power coefficient is kept at its maximum
value (48%). So, this is a global controller for all operating
conditions of wind turbine which smoothly switch between
partial load and full load conditions.
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< (o
S
€10
(]
£
=
3
3]
-
£
o
[=]
% k 15 20
Time (s)
Jx 10t _
25
-
2
5 2
3
Q15
M
=
= 1
o
[=]
05!
% 15 20
Time (s)

Fig. 15. (Cont’d) Changing in the static resistive load.

Fig. 16 shows the dynamic response of the system with
static inductive load for step change in the wind speed. The
figures show the wind speed step change, rotor speed, power
coefficient, modulation index, DC link voltage, current and
power for closed loop control system with controlled
modulation index.
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Fig. 16. Changing in the wind speed with static inductive load.



At t=10 sec, the wind speed increases from 11 m/s to 12 m/s
so, the controlled modulation index varied to track MPP at the
new wind speed by changing the level of generated voltage
and current as shown in the figures while the power
coefficient is kept at its maximum value (48%).
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Fig. 16. (Cont’d) Changing in the wind speed with static inductive load.

In the simulation results, the dynamic responses of the
whole system variable parameters (synchronous generator
rotor speed, generated DC link voltage, current and power) has
depicted for step change in the wind speed and the static load.
The results demonstrated the feasibility of the wind turbine
generator model and confirm that the proposed control
technique with such algorithm for this proposed WTG model
has quite good validity and robust performance as it can not
only track the MPP of each wind speed, but can conserve the
MPP of the same wind speed with variations of the load.

VI. CONCLUSIONS

This paper presents the model of a wind turbine, with
synchronous generator and full power converter, and its
complete closed control system based on the converter model.
Results of simulation studies for each subsystem of the
proposed wind energy conversion system demonstrate
satisfactory performance, with reasonable steady-state values
and responses. The controller gains (Kp and Ki) are optimized
using the Genetic Algorithm. The model is embedded in a
user-friendly environment that provides easy access to the
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variables and parameters of the model and the control system.
Therefore, the proposed model and its basic control system
can be used for further development.
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